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ABSTRACT
We present new results on the spectrally resolved Lyα emission of three Lyα emitting field galaxies at z∼ 2.4
with high Lyα equivalent width (> 100 Å) and Lyα luminosity (∼ 1043 erg s−1). At 120 km s−1 (FWHM)
spectral resolution, the prominent double-peaked Lyα profile straddles the systemic velocity, where the veloc-
ity zero-point is determined from spectroscopy of the galaxies’ rest-frame optical nebular emission lines. The
average velocity offset from systemic of the stronger redshifted emission component for our sample is 176 km
s−1 while the average total separation between the redshifted and main blueshifted emission components is 380
km s−1. These measurements are a factor of ∼ 2 smaller than for UV continuum-selected galaxies that show
Lyα in emission with lower Lyα equivalent width. We compare our Lyα spectra to the predicted line profiles of
a spherical “expanding shell” Lyα radiative transfer grid that models large-scale galaxy outflows. Specifically
blueward of the systemic velocity where two galaxies show a weak, highly blueshifted (by ∼ 1000 km s−1)
tertiary emission peak, the model line profiles are a relatively poor representation of the observed spectra. Since
the neutral gas column density has a dominant influence over the shape of the Lyα line profile, we caution
against equating the observed Lyα velocity offset with a physical outflow velocity, especially at lower spectral
resolution where the unresolved Lyα velocity offset is a convoluted function of several degenerate parameters.
Referring to rest-frame ultraviolet and optical Hubble Space Telescope imaging, we find that galaxy-galaxy
interactions may play an important role in inducing a starburst that results in copious Lyα emission, as well as
perturbing the gas distribution and velocity field which have strong influence over the Lyα emission line profile.
Subject headings: galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies:starburst — line:
profiles — radiative transfer
1. INTRODUCTION
As the strongest spectral feature of the most abundant el-
ement in the universe, the Lyα transition of hydrogen (n =
2→ 1; 1216 Å) has become one of the most widely utilized
tools for detecting galaxies in the early universe (e.g., Hu &
McMahon 1996; Cowie & Hu 1998; Rhoads et al. 2000; Stei-
del et al. 2000; van Breukelen et al. 2005; Gronwall et al.
2007; Finkelstein et al. 2009; Rauch et al. 2011; Adams et al.
2011). Lyα is versatile in that it can probe the extremes of the
high-redshift galaxy census, such as faint, low-mass popula-
tions (e.g., Rauch et al. 2008) and the high energy systems at
the top-end of the mass function (e.g., Willott et al. 2011).
Lyα photons are produced as a result of excitation or ion-
ization of neutral hydrogen and can arise in a variety of as-
trophysical scenarios relating to high-redshift galaxies. These
include cooling radiation as a result of gravitational collapse
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(e.g., Faucher-Giguére et al. 2010) or extremely rapid gas mo-
tions (i.e., shocks; Birnboim & Dekel 2003), photo-ionization
by stars (e.g., Partridge & Peebles 1967) or an active galac-
tic nucleus (AGN; e.g., Haiman & Rees 2001), or fluores-
cence of neutral gas in the intergalactic medium (IGM; e.g.,
Kollmeier et al. 2010). However, the interpretation of the
emergent Lyα spectra is non-trivial due to the resonant nature
of the transition in neutral hydrogen, in which the line is opti-
cally thick for even small neutral fractions (Gunn & Peterson
1965). This property makes the escape of Lyα photons from
a galaxy a complex radiative process that is highly depen-
dent on the properties of the interstellar medium (ISM) and
surrounding circumgalactic medium, such as gas kinematics,
covering fraction, geometry, and dust content. The result of
Lyα radiative transfer through the ISM is a significant modu-
lation of the intrinsic Lyα emission line profile, both spatially
and spectrally. The emergent emission line profile can be fur-
ther modified by transfer through the surrounding IGM, which
can absorb a significant amount of radiation in the vicinity and
blueward of Lyα (e.g., Laursen et al. 2011). Because of the
amount of physics that can be encoded within the emergent
Lyα line profile, a great deal of theoretical work has gone into
understanding Lyα radiative transfer to aid in the interpreta-
tion of observed Lyα spectra of galaxies. In particular, the use
of Monte Carlo numerical techniques has become standard
practice (e.g., Lee 1974; Ahn et al. 2000; Zheng & Miralda-
Escudé 2002; Tasitsiomi 2006; Hansen & Oh 2006; Dijkstra
et al. 2006a; Verhamme et al. 2006), and has provided useful
predictions of the emergent Lyα line profile for comparison
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with observations for a variety of different physical scenarios.
The implementation of such radiative transfer codes are cur-
rently being advanced by post-processing more realistic mod-
els of galaxies drawn from hydrodynamic and cosmological
simulations (e.g., Zheng et al. 2010; Kollmeier et al. 2010;
Barnes et al. 2011; Verhamme et al. 2012; Yajima et al. 2012).
Non-active galaxies that are selected by virtue of their Lyα
emission with equivalent width EWLyα > 20 Å (i.e., Lyα
emitters; LAEs) are typically low-mass (. 109.5 M) with
young stellar populations (. 100 Myr) and are forming stars
at rates of . 10 M yr−1 (e.g., Venemans et al. 2005; Ga-
wiser et al. 2006; Finkelstein et al. 2007; Ono et al. 2010;
Acquaviva et al. 2011). In addition, some LAEs appear to
have non-negligible dust content (Finkelstein et al. 2009; Pen-
tericci et al. 2009), low gas-phase metallicity (Finkelstein et
al. 2011; Nakajima et al. 2013), and compact, irregular spa-
tial morphologies (e.g., Venemans et al. 2005; Gronwall et
al. 2011; Bond et al. 2012). At least some of these prop-
erties appear to not evolve significantly with redshift (e.g.,
Ouchi et al. 2008; Blanc et al. 2011; Mallery et al. 2012).
A significant fraction of ultraviolet (UV) continuum-selected
galaxies (i.e., Lyman break galaxies; LBGs) also show Lyα in
emission (e.g., Shapley et al. 2003; Kornei et al. 2010; Stark
et al. 2010; Kulas et al. 2012; Ono et al. 2012; Berry et al.
2012). LBGs typically have lower EWLyα (some show Lyα in
absorption), more evolved stellar populations, and are more
massive than the typical Lyα-selected galaxy (e.g., Gawiser
et al. 2006; Pentericci et al. 2007; Yuma et al. 2010).
In a star-forming galaxy, Lyα photons are produced from
recombinations in hydrogen gas that was ionized by the UV
radiation of massive, main sequence stars in H II regions. Un-
like UV continuum or photons from other optically thin tran-
sitions that hail from the same H II region (e.g., Hα), Lyα
photons become resonantly trapped in the first parcels of neu-
tral hydrogen they encounter. As compared to the optically
thin photons, the path length of Lyα to escape the galaxy
is increased due to the scattering, making it especially sen-
sitive to dust absorption. The path length of Lyα photons
through neutral hydrogen can be further altered by local ve-
locity fields due to thermal motion, turbulence, and bulk mo-
tions (e.g., due to supernovae or stellar driven winds, or by
galaxy-galaxy interactions), thereby shifting Lyα photons in
and out of resonance and affecting the emergent line profile
(e.g., Verhamme et al. 2006). This potentially makes the
emergent Lyα spectrum a very powerful probe of gas kine-
matics (e.g., Verhamme et al. 2008; Yang et al. 2011; Kulas
et al. 2012), especially when the spectrum can be spatially
resolved (e.g., Rauch et al. 2011).
Evidence for large-scale outflows is wide-spread in high-
redshift star forming galaxies (e.g., Shapley et al. 2003; Mar-
tin 2005; Berry et al. 2012). In LBGs, for example, the
galaxy’s redshift differs when measured from the interstellar
(IS) absorption lines versus the Lyα emission line (by & 600
km s−1), which implies that one or both features are not at rest
with respect to the stars in the galaxy (Shapley et al. 2003).
Systemic redshifts and gravitationally induced motion are ex-
pected to be well represented by nebular emission lines such
as Hα, which is optically thin and whose strength depends
upon the UV radiation field in the same vicinity as the ori-
gin of the Lyα photons (Erb et al. 2006). In LBGs, the IS
absorption lines are blueshifted with respect to the Hα-based
systemic redshift (by∼ 160 km s−1) while the peak of the Lyα
emission line is typically redshifted (by∼ 450 km s−1; Steidel
et al. 2010). Although the interpretation of the redshifted Lyα
emission is non-trivial due to the transition’s resonant scatter-
ing nature, the blueshifted IS absorption is a strong indicator
of a galactic outflow and is caused by the absorption of stel-
lar light in swept-up material that is approaching along the
observer’s line of sight.
Recently, observations of rest-frame optical nebular emis-
sion lines (e.g., Hβ, [O III], or Hα, depending on the red-
shift of the galaxy) for 2. z. 3 LAEs observed in the near-
infrared (NIR) have become more common. These data pro-
vide not only standard rest-frame optical emission line diag-
nostics for these high-redshift galaxies (e.g., Finkelstein et al.
2011; Song et al. 2013; Song et al. 2013, in preparation), but
also a measure of their systemic redshifts (McLinden et al.
2011; Hashimoto et al. 2012; Guaita et al. 2013). Thus, Lyα
velocity offsets are now be measured for LAEs much in the
same way as for LBGs (e.g., Steidel et al. 2010; Kulas et al.
2012), which provides an additional constraint when compar-
ing Lyα radiative transfer models to the observed Lyα spectra
of LAEs. However, velocity offsets of Lyα alone cannot nec-
essarily constrain the gas kinematics and may not correlate
directly with bulk gas velocities. Useful kinematic informa-
tion can be encoded within the offset Lyα line profile in the
form of asymmetries and other finer-scale spectral features,
such as multiple emission peaks. This information can poten-
tially be lost when observed at low spectral resolution, as has
been used in multiple studies that probe Lyα velocity offsets
(e.g., Finkelstein et al. 2011; McLinden et al. 2011; Kulas et
al. 2012; Guaita et al. 2013; Song et al. 2013, in preparation).
Multiple peaks are a natural consequence of Lyα resonant line
transfer (e.g., Neufeld 1990), and the frequency of multiple-
peaked Lyα spectra in LAE and LBG samples has recently
been studied by Yamada et al. (2012) and Kulas et al. (2012),
respectively. Both studies find that multiple-peaked Lyα line
profiles comprise &50% of their respective samples, which
should be regarded as lower limits due to the limited S/N and
spectral resolution of the Lyα data.
Combined with the recent observational evidence that
shows that LAEs have smaller Lyα velocity offsets as com-
pared to LBGs (Hashimoto et al. 2012), the spectral substruc-
ture that studies such as Yamada et al. (2012) and Kulas et
al. (2012) have uncovered motivates observations of Lyα at
higher spectral resolution. Such observations will probe the
ISM and circumgalactic medium through which the Lyα pho-
tons traverse, and provide more stringent constraints on exist-
ing Lyα radiative transfer models. In this paper, we present
new higher resolution (120 km s−1 FWHM) optical spectra of
the Lyα emission of three galaxies that were initially discov-
ered in the HETDEX Pilot Survey (HPS; Adams et al. 2011).
We discuss these data in §2. In §3, we present basic observa-
tional results from our optical spectroscopy and compare the
three Lyα emission line profiles with those of other Lyα and
UV continuum-selected samples. In §4, we present a quanti-
tative comparison of the observed Lyα line profiles with the
predictions of existing Lyα radiative transfer models with a
spherical expanding shell gas geometry. In §5, we discuss our
findings and finally present our conclusions in §6.
Throughout this paper, we assume a flat ΛCDM cosmology
(H0 = 70 km s−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73; Komatsu et
al. 2011). For the atomic transitions discussed, we use the
following vacuum wavelengths in Å quoted from the Atomic
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TABLE 1
OBSERVED PROPERTIES OF TARGETED HETDEX PILOT SURVEY GALAXIES
(Units) HPS194 HPS256 HPS251 Sourcea
R.A. (J2000) 10:00:14.18 10:00:28.33 10:00:27.23 A11b
Decl. (J2000) +02:14:26.11 +02:17:58.44 +02:17:31.50
zLyα ( - ) 2.2896±0.0004 2.4923±0.0004 2.2865±0.0004 A11c
zsys ( - ) 2.28628±0.00002 2.49024±0.00004 2.28490±0.00005 F11d , S13d
∆vLyα (km s−1) 303±28 177+52−68 146+116−156 A11c,F11d , S13d
FLyα (10−17 ergs s−1 cm−2) 61.0+4.9−4.3 31.4
+9.3
−6.5 45.0
+13.7
−11.6 A11
LLyα (1042 ergs s−1) 25.1±1.9 16.4±4.1 18.5±5.2
EWLyα (Å) 114±13 206±65 140±43 B11
σHα (km s−1) 61±9 72±9 44±6 F11, S13
V (mag) 24.07±0.05 25.07±0.09 24.70±0.07 COSMOSe
E(B−V ) (mag) 0.09±0.06 0.10±0.09 0.07±0.08 B11
SFR(Hα) (M yr−1) > 29.3 > 35.4 > 9.9 F11, S13 f
12+ log (O/H) ( - ) < 7.87 < 8.12 < 8.00 F11, S13g
Stellar Mass (108 M) 155+31−43 1.9
+0
−0.1 11
+2
−1 F11, S13
a A11 = Adams et al. (2011), F11 = Finkelstein et al. (2011), S13 = Song et al. (2013, in preparation), B11 = Blanc et al. (2011)
b The equatorial coordinates correspond to the optical counterpart to the Lyα emission.
c Given for the HPS R ≈ 750 Lyα spectra after the correction for VLSR and for the natm error (see §3.1). The Lyα velocity offset is calculated
from these data as: ∆vLyα = c (zLyα − zsys) / (zsys + 1). The quoted uncertainties are statistical. Systematic errors associated with the wavelength
calibration are discussed in §3.1.
d Given for the NIRSPEC data after recalculation using the proper vacuum wavelengths for [O III] and Hα (see §2.3.1). For HSP251, zsys is
determined from Hα only. The quoted uncertainties are statistical. Systematic errors associated with the wavelength calibration are discussed in
§2.3.1.
e COSMOS Intermediate and Broad Band Photometry Catalog, April 2009 Release. The magnitudes have been corrected to total using the supplied
band-independent aperture corrections. Also, see Ilbert et al. (2009).
f Given from the measured Hα line fluxes without a dust correction and assuming the star formation scaling relation of Kennicutt (1998).
g The oxygen abundances are given as 1σ upper limits.
Line List v2.047: Lyα (1215.670); [O III] λ5007 (5008.240);
Hα (6564.610). All magnitudes are reported in the AB system
(Oke & Gunn 1983).
2. OBSERVATIONS AND DATA REDUCTION
2.1. Sample Selection - The HETDEX Pilot Survey
The Hobby-Eberly Telescope Dark Energy Experiment
(HETDEX; Hill et al. 2008a) will use 0.8 million LAEs as
tracers of the galaxy power spectrum and measure the evolu-
tion of dark energy from 1.9 < z < 3.5 with high precision.
This∼420 deg2 (∼9 Gpc3) blind spectroscopic survey will be
conducted with the Hobby-Eberly Telescope and a revolution-
ary new multiplexed instrument called the Visible Integral-
field Replicable Unit Spectrograph (VIRUS; Hill et al. 2012).
As a test-bed for HETDEX, a single prototype VIRUS unit in-
tegral field spectrograph (the Mitchell Spectrograph; formerly
known as VIRUS-P; Hill et al. 2008b) has resided at the Mc-
Donald Observatory’s Harlan J. Smith 2.7 m telescope since
2007 and has conducted a ∼100 night, ∼169 arcmin2 (∼106
Mpc3) pilot survey for HETDEX in which 99 star-forming
(i.e., non-AGN) LAEs were discovered at redshifts 2< z< 4.
The survey design, catalog, and initial science results can be
found in Adams et al. (2011) and Blanc et al. (2011).
As described in §1, observations of the rest-frame optical
nebular emission lines are especially important for constrain-
ing models of Lyα radiative transfer and gas kinematics in
star-forming galaxies. Given the aforementioned focus of this
paper, we require prior knowledge of the galaxy systemic red-
shift as measured from the rest-frame optical nebular emission
7 Atomic Line List v2.04: http://www.pa.uky.edu/ peter/atomic/
lines. For two HPS LAEs (catalog ID 194 and 256), these data
have been published in Finkelstein et al. (2011). Additionally,
the only existing optical spectra previous to this work for these
galaxies are from the HPS in which the Mitchell Spectro-
graph observed with 5.5 Å resolution (∼400 km s−1 FWHM
at 4100 Å), yielding unresolved Lyα emission lines (Adams
et al. 2011). Given the existing data available for these two
galaxies, we have chosen to conduct follow-up observations
with higher resolution optical spectroscopy. For convenience,
some relevant properties of HPS194 and HPS256 are tabu-
lated from the current HPS publications in Table 1. The only
preselection for the galaxies in this follow-up study is that
they have a Lyα flux FLyα & 10−16 erg s−1 cm−2 to ease the
detection of the rest-frame optical lines (note that 86 of the 99
non-AGN HPS LAEs meet such a selection criteria). Addi-
tionally, note that the galaxies included in this study are bright
enough in the continuum to be considered LBGs in most sur-
veys (e.g., Steidel et al. 2004).
2.2. Mitchell Spectrograph Optical Spectroscopy
We obtained follow-up optical spectra of the Lyα emission
of HPS194 and HPS256 using the Mitchell Spectrograph (Hill
et al. 2008b) on the Harlan J. Smith 2.7 m telescope at the
McDonald Observatory on the nights of UT 2010 February
13 and 14, respectively. In an attempt to spectrally resolve
the Lyα feature of these galaxies, we replaced the 831 line
mm−1 grating that was used to carry out the HPS with a 2400
line mm−1 grating. This grating yields a spectral resolution of
∆λ = 1.6 Å (120 km s−1 FWHM at 4100 Å) over the wave-
length range 3690< λ (Å) < 4400 (R = λ/∆λ≈ 2500).
The Mitchell Spectrograph is an integral field spectrograph
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FIG. 1.— Subaru V -band images (10.5′′×10.5′′ in size) showing the field surrounding each targeted galaxy. The solid red circle indicates the position of the
4.24′′ diameter Mitchell Spectrograph fiber while the concentric dashed circle indicates the extent of the RMS uncertainty in its position on the sky. The blue
diamond and the surrounding dashed blue circle indicate the Lyα centroid and positional error, respectively, from the HPS (Adams et al. 2011). The black lines
indicate the width and position angle of the NIRSPEC slit used by Finkelstein et al. (2011) for HPS194 and HPS256 and by Song et al. (2013, in preparation) for
HPS251. The 2.5′′× 2.5′′ box is centered on the coordinates of the most likely continuum counterpart to the Lyα emission (Adams et al. 2011) and shows the
spatial extent of the HST images discussed in §5.5.
that has high throughput for blue wavelengths (∼ 40% at
4100 Å; Hill et al. 2008b). The 107′′ × 107′′ square field
of view integral field unit (IFU) contains 246 fibers arranged
in a hexagonal close pack pattern with one-third fill factor.
Each fiber has a diameter of 4.24′′ on the sky (∼36 kpc at
z ∼ 2.4). For these observations, we position a single fiber
on the coordinates of each targeted galaxy that correspond the
the most likely optical continuum counterpart to the detected
Lyα emission, as determined by Adams et al. (2011). For
the HPS256 pointing, the IFU was positioned such that an-
other nearby HPS LAE (catalog ID 251) fell within the field
of view and near the edge of another fiber. Note that HPS194,
HPS256, and HPS251 are unresolved within the fiber in the
.2′′ FWHM seeing during our observations. The remaining
fibers in the IFU sample the sky to provide excellent sky sub-
traction. The astrometry of the individual fiber positions was
calibrated to 1.0′′ RMS. In Figure 1, we show Subaru V -band
images (Taniguchi et al. 2007) from the Cosmic Evolution
Survey (COSMOS; Scoville et al. 2007; see also §2.3.2) in
which we indicate the fiber positions relative to the contin-
uum counterparts and the centroid of the Lyα emission (as
determined by Adams et al. 2011).
The data were taken with 2×1 CCD binning in the spectral
direction. This results in a dispersion of 0.69 Å per binned
pixel (i.e., there are 2.3 binned pixels per resolution element
along the spectral direction). The read noise of the CCD is 3.8
e− which allows for sky noise dominated spectra in the 1800
second integration times used throughout the observing run.
The CCD gain was set to 1.0 e− ADU−1. For both the HPS194
and the HPS256 pointings, we obtained six hours of total in-
tegration in dark and clear conditions. All science exposures
were acquired at an airmass of < 1.2. Two flux standard stars
were observed each night to correct for the instrumental re-
sponse.
The data were reduced with the custom pipeline VACCINE
(Adams et al. 2011). VACCINE carries out standard reduc-
tion procedures for overscan and bias correction. Twilight
flats, which were taken both at dawn and dusk each night, are
combined and used to locate and trace each of the 246 spectra
on the CCD. To properly correct the pixel-to-pixel variations,
fiber-to-fiber relative transmission, and the fiber spatial pro-
file, the solar spectrum must be removed from the twilight
flats which requires a wavelength solution. Unfortunately, the
suite of calibration lamps available did not yield enough com-
parison lines for determining a reliable wavelength solution
for our instrumental setup. Therefore, we extracted a wave-
length solution from the twilight flats themselves by convolv-
ing a template solar spectrum (Kurucz et al. 1984) to the in-
strumental resolution and fitting the result to the combined
twilight flats. The fit for each fiber is parameterized as a poly-
nomial of the fourth degree as a function of pixel, where the
second order terms are constrained across the fibers to be a
smooth function for greater solution stability. An independent
wavelength solution results for each fiber on each night. From
the RMS in the residuals of the fitted solar features, we expect
this wavelength solution to be accurate to∼0.1 Å (∼ 7 km s−1
for Lyα at z ∼ 2.4). By measuring the centroids of solar ab-
sorption features in the dusk and dawn twilight flats separately
(which were taken at the high and low temperatures recorded
each night, respectively), we find that this wavelength solu-
tion systematically drifts with changing thermal conditions
by < 0.15 Å (< 11 km s−1 for Lyα at z ∼ 2.4). Once the
spectra for a given night are combined (see below), this sys-
tematic error results in a negligible degradation of the spectral
resolution of the final reduced spectrum. After correcting the
combined twilight flat for the solar spectrum and normalizing,
the science data are extracted and flat fielded. The combined
sky spectrum from the empty fibers is fit with a B-spline and
subtracted from the fiber containing the target galaxy (Dier-
ckx 1993; Kelson 2003). Finally, cosmic rays are masked.
The resulting individual science spectra are collapsed along
the fiber spatial direction by a weighted mean ignoring the
pixels that were masked for cosmic rays, where the weights
are determined from the Poisson and Gaussian uncertainties
due to photon counting and read noise, respectively.
Each 1-D science spectrum is further corrected for atmo-
spheric extinction using a model specific to McDonald Ob-
servatory as well as for the instrumental response using the
coadded flux standard star spectra. The individual corrected
1-D science spectra for each galaxy are then combined by
a weighted, ±3σ-clipped mean, where the weight for each
spectrum is determined from differential photometry of stars
that were congruently observed with the science exposures by
the Mitchell Spectrograph’s CCD guider. Due to the stabil-
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FIG. 2.— Mitchell Spectrograph optical spectra of the targeted galaxies plotted against the observed wavelength at R ≈ 2500. The spectra show a ±50 Å
window, centered on the detected Lyα feature. Each spectrum has been normalized to the peak flux observed in the line. The error bars indicate the 1σ statistical
uncertainties at each wavelength, which are typically ±0.11 for HPS194, ±0.14 for HPS256, and ±0.17 for HPS251 in the relative flux units displayed.
ity of the instrument (see the previous paragraph), a single
wavelength solution applies for a given fiber throughout the
entire night and no resampling of the science spectra are re-
quired before combination. Upon examination of the com-
bined spectra for each galaxy (including HPS251), we find
that we have made detections of the Lyα feature in which
multiple emission components are visible at S/N & 3. Using
an assumed wavelength-independent index of refraction for
air at the altitude of McDonald Observatory (natm = 1.00022),
each combined 1-D spectrum is shifted into vacuum condi-
tions. Finally, for proper comparison with the rest-frame opti-
cal nebular emission lines (see §2.3.1), we further correct the
wavelength scale for the relative motion of the Earth with re-
spect to the local standard of rest at the time of observation
using the VLSR calculator.8 In Figure 2, we show a±50 Å sub-
section of the final 1-D spectra, centered on Lyα. Since we
have successfully detected the Lyα emission from HPS251
despite it not being a primary target, we include a compila-
tion of its observed properties in Table 1 along with HPS194
and HPS256.
2.3. Ancillary Data
2.3.1. NIRSPEC Rest-Frame Optical Spectroscopy
The interpretation of our Lyα spectra relies on knowing the
galaxies’ systemic redshifts zsys. The data required for mak-
ing this measurement were taken at the 10 m Keck II telescope
with the NIRSPEC instrument (McLean et al. 1998), as pre-
sented by Finkelstein et al. (2011) for HPS194 and HPS256
and Song et al. (2013, in preparation) for HPS251 (also, see
Song et al. 2013). These authors have detected at least one
rest-frame optical nebular emission line for each galaxy at
> 3σ significance (Hα for all three galaxies in addition to
[O III] λ5007 for HPS194 and HPS256) and used the ob-
served wavelengths to calculate zsys. However, Finkelstein
et al. (2011) did not use the vacuum wavelengths of the [O
III] λ5007 and Hα transitions when comparing to the corre-
sponding observed wavelengths (which were corrected into a
vacuum frame and to the local standard of rest). Song et al.
(2013, in preparation) have performed a new and improved re-
duction of the Finkelstein et al. (2011) HPS194 and HPS256
data and have recalculated the [O III] λ5007 and Hα-based
redshifts using the vacuum wavelengths listed in §1. The
newly calculated weighted average values of zsys for these
galaxies are listed in Table 1 along with each measurement’s
8 VLSR Calculator, based on Chapter 6.1 of Meeks (1976):
http://www.astro.virginia.edu/emm8x/utils/vlsr.html
statistical uncertainty. The 1-D Hα emission line profile for
each galaxy can be seen in lower panels of Figure 3.
As described by Finkelstein et al. (2011), small errors in
the wavelength solutions of the H and K-band NIRSPEC data
(i.e., the instrumental setups for detecting [O III] λ5007 and
Hα, respectively) result in slightly different values of zsys for a
given galaxy depending on which emission line is being mea-
sured. As a result, Finkelstein et al. (2011) assigned an addi-
tional systematic error term to zsys. After the new reduction
by Song et al. (2013, in preparation), the zsys systematic er-
ror for HPS194 and HPS256 has been improved to ±0.00013
and ±0.00014, respectively (∼ 12 km s−1 at z ∼ 2.4). Note
that the systematic error cannot be calculated for HPS251 as
described by Finkelstein et al. (2011) since Hα was the only
line used to determine its zsys. To be conservative in our analy-
sis, we will assume that the larger systematic error associated
with the HPS256 zsys measurement also applies for HPS251.
2.3.2. COSMOS & CANDELS Public Data
All three galaxies reside within the COSMOS9 survey
(Scoville et al. 2007) and Cosmic Assembly Near-infrared
Deep Extragalactic Legacy Survey (CANDELS; Grogin et
al. 2011) footprints. When necessary in this work, we uti-
lize the wealth of publicly available data from these surveys
and note the relevant catalog(s) and citation(s). In particu-
lar, we will utilize the CANDELS version 1.0 Hubble Space
Telescope (HST) Advanced Camera for Surveys (ACS) Wide
Field Channel (WFC) F606W images and Wide Field Camera
3 (WFC3) / Infrared (IR) channel F160W images to consider
the spatial morphologies and distribution of sources around
the galaxies (Koekemoer et al. 2011). The former probes the
three galaxies in the rest-frame UV at ∼1800 Å while the lat-
ter does so in the rest-frame optical at ∼4700 Å.
3. OBSERVATIONAL RESULTS
3.1. Lyα Velocity Offsets from the HETDEX Pilot Survey
Finkelstein et al. (2011) determined the Lyα velocity offset
from the systemic line center ∆vLyα by comparing the red-
shifts as determined from the rest-frame optical lines (zsys)
and that for Lyα (zLyα). They originally found ∆vLyα =
162±37±42 km s−1 and 36±35±18 km s−1 for HPS194 and
HPS256, respectively. The first set of quoted uncertainties are
statistical and display the uncertainty in locating the centroid
of a low S/N emission line while the second set are systematic
9 COSMOS Archive - Released Datasets:
http://irsa.ipac.caltech.edu/data/COSMOS/datasets.html
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FIG. 3.— The Lyα spectra of the three galaxies shown in velocity space. In the lower panels, we show the R≈ 2500 Lyα spectra as the thin green histogram.
The blue curves in these panels represent the multi-component asymmetric Gaussian fits, as discussed in §3.2. The red histogram shows the Hα spectra for each
object from Song et al. (2013, in preparation). The top panels show the coadded R ≈ 750 HPS spectra for each galaxy in black along with Gaussian fits to the
emission lines in blue. For comparison, we also show the R ≈ 2500 Lyα spectra after being degraded to the HPS spectral resolution in green. The light-blue
shaded region in the HPS256 and HPS251 panels indicates the location of the second blueshifted peak examined in §3.2.1.
resulting from the differences in the wavelength solutions of
the H and K-band NIRSPEC data (see Finkelstein et al. 2011
for details). The systematic error resulting from the wave-
length calibration of the HPS data is insignificant compared
to these error terms (Adams et al. 2011). Given the corrected
zsys values discussed in §2.3.1, these velocity offsets are actu-
ally larger than what was originally calculated by Finkelstein
et al. (2011).
During the reduction of our R ≈ 2500 Lyα spectra, we
compared the central Lyα wavelength to that quoted for each
respective object in the HPS catalog (Adams et al. 2011).
Through this comparison, we discovered that the central
wavelengths quoted in Table 3 of that work are actually in
error, which was caused by a division of the observed wave-
lengths by the atmospheric index of refraction natm (rather
than a multiplication) when correcting to vacuum conditions.
To recover the central Lyα wavelengths with a proper correc-
tion into vacuum conditions, one can multiply the values of
column 4 in that table by natm2 = (1.00022)2. This corresponds
to a 0.9 Å (65 km s−1) increase in the original quoted central
wavelengths for Lyα at z ∼ 2.4. With the new corrected val-
ues of zsys, applying this additional correction as well as a VLSR
correction to the HPS optical data of Adams et al. (2011) re-
sults in new velocity offsets of ∆vLyα = 303 km s−1 and 177
km s−1 for HPS194 and HPS256, respectively. In addition,
we reevaluate the statistical uncertainty in the velocity cen-
troids by fitting a Gaussian to 103 Monte Carlo realizations of
the observed HPS spectrum, where the flux in each realiza-
tion was varied according to the derived 1σ statistical errors
(assuming they are normally distributed). The uncertainties
encompass the 68% confidence interval, and are ±28 km s−1
for HPS194 and +52−68 km s
−1 for HPS256. We apply the same
corrections and uncertainty estimation methods to the HPS
Lyα data for HPS251; using the NIR results of Song et al.
(2013, in preparation), we calculate ∆vLyα = 146+116−156 km s
−1.
These results are tabulated in Table 1.
In the top panels of Figure 3, we show the coadded R≈ 750
HPS spectra (using data from all HPS fibers in which Lyαwas
detected). Two of the three galaxies are shown to have sta-
tistically significant velocity offsets, which may suggest the
presence of large-scale outflows in their ISM. It will be seen
when examining the higher resolution R ≈ 2500 spectra that
the bulk offset of the unresolved emission lines at low spectral
resolution are difficult to interpret due to the complicated Lyα
radiative transfer in these galaxies.
3.2. Characterization of the R≈ 2500 Lyα Spectra
3.2.1. Multiple-Peaked Lyα Emission Line Profiles
In the lower panels of Figure 3, we use zsys for each galaxy
to convert the wavelength scale of the R ≈ 2500 spectra into
velocity space, where ∆v = 0 km s−1 corresponds to the Hα
line center. Each galaxy appears to display a complex Lyα
line profile with at least two emission components straddling
the velocity zero-point with absorption (i.e., lack of emission)
at the Lyα line center. In all cases, the strongest emission
component lies redward of the velocity zero-point and appears
quite asymmetric with an extended redward tail. Additionally,
each galaxy shows significant emission blueward of the Lyα
line center. HPS194 shows a single, relatively weak blueward
emission peak. HPS256 and HPS251 show a similar weak
blue peak as HPS194 in addition to second blueshifted peaks
located at approximately −1000 km s−1 for each galaxy with
S/N = 2.8 and 3.0, respectively.
Recent results have shown that multiple-peaked Lyα emis-
sion line profiles are common among star-forming galaxies
(e.g., Kulas et al. 2012; Yamada et al. 2012), especially the
“characteristic” double-peaked profile having a stronger red
peak with an accompanying weaker blue emission compo-
nent straddling the velocity zero-point. The Lyα line profile
of HPS194 easily fits this description. Kulas et al. (2012) find
that such profiles (“Group 1” in their nomenclature) consist of
61% of their sample of 18 z ∼ 2− 3 Lyα emitting LBGs that
were preselected to have multiple Lyα peaks with measures
of zsys from observations of Hα or [O III] in the NIR. Addi-
tionally, while Yamada et al. (2012) have no measure of zsys
for their large sample of 91 z ∼ 3.1 LAEs in the SSA22-Sb1
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field without a multiple-peaked preselection, they do find that
≥ 44% of their measured Lyα spectra appear “Group 1”-like
in having two emission components where the redder com-
ponent is stronger. We present further discussion and more
examples of double-peaked Lyα line profiles from the litera-
ture in §3.3.
Excluding the highly blueshifted emission components at
−1000 km s−1 in the HPS256 and HPS251 Lyα spectra, these
two galaxies also appear to fit the “Group 1” Lyα line pro-
file morphology. As such, we look further into the nature of
the bluest peak for each of these two galaxies. The peaks un-
der scrutiny are marked in Figure 3 by the light-blue shaded
regions, which have been centered on the central velocity of
the peak as determined through a Gaussian fit to the emission
component in the R ≈ 2500 data. The width of the shaded
region corresponds to one spectral resolution element of the
R ≈ 750 data. Since the velocity offset of this emission peak
is so large, it should be cleanly resolved in the HPS R ≈ 750
spectra. However, we see no evidence of emission beyond
the 1σ statistical uncertainties at the corresponding velocity
in the R ≈ 750 data for either HPS256 or HPS251. Note
that this does not rule out the reality of these features in the
R≈ 2500 spectra. In the top panels of Figure 3, we also show
the R≈ 2500 data convolved to the spectral resolution and in-
terpolated to the dispersion of the HPS. As can be seen, the
lower spectral resolution smears out the weak emission peak
to within the 1σ statistical uncertainties for both galaxies, so
we do not expect to clearly detect them in the HPS spectra.
We have examined the possibility that the low S/N second
blueward peaks are the result of systematic or random effects
in the R≈ 2500 data. Despite that HPS256 and HPS251 were
observed in the same field, the two galaxies have different zsys.
Thus, the second blueshifted peaks do not correspond to the
same observed wavelength even though they have very simi-
lar velocity offsets relative to the systemic redshift. We have
examined the extracted sky spectra from the fibers in the IFU
that are adjacent to those containing the LAEs to look for sky
absorption or emission features in the vicinity of the second
blueward peaks. We find none for HPS251. For HPS256, the
second blueward emission peak lies within one spectral reso-
lution element of a sky absorption feature. However, we find
no evidence of a systematic sky subtraction error since we do
not see peaks with similar S/N in the reduced spectra of adja-
cent fibers at the wavelength corresponding to that of the sec-
ond blueward emission peak. Additionally, we have visually
examined the 2-D spectra of the fibers containing the LAEs
in each individual CCD exposure after the cosmic ray mask-
ing procedure to verify that no cosmic rays or other artifacts
were left unmasked in the vicinity of the Lyα spectra. Finally,
we experimented with our data combination rejection proce-
dure by recomputing the ±3σ-clipped weighted mean on the
2-D data before collapsing to the final 1-D spectra. Perform-
ing the combination with the increased pixels space should
yield a more robust rejection of outlying pixel values. After
collapsing this combined 2-D spectra along the fiber spatial
direction, we find that the resulting reduced Lyα line profiles
are statistically identical to those in the original data reduc-
tion described in §2.2 and that the second blueward peaks are
insensitive to the specifics of the data combination procedure.
Thus, we do not believe that the peaks at −1000 km s−1 for
HPS256 and HPS251 are the result of systematic or random
effects in the R≈ 2500 data.
We look to the distribution of the sources on the sky within
the extent of the fiber by examining the COSMOS V -band im-
ages shown in Figure 1. Both of our primary targeted galax-
ies (i.e., HPS194 and HPS256) are centered within the fiber
with no additional continuum sources located within the RMS
positional error. The case for HPS251 is more complicated.
Since it was not originally a primary target of our observa-
tions, the location of the LAE continuum counterpart is not
positioned optimally with respect to the fiber center. As a
result, the area of sky covered by the fiber contains several
additional continuum sources. These include a brighter and
extended source with a photometric redshift10 of 0.97+0.04−0.05 (Il-
bert et al. 2009). If the second HPS251 blue peak was from
this lower-redshift galaxy, its rest-frame wavelength would be
2019+53−40 Å. Since this range does not correspond to any promi-
nant near-UV transition, the low-redshift galaxy in the fiber is
most likely not the source of the second blue peak11. The
remaining source other than the LAE itself within the fiber
(taking into account the RMS uncertainty in its position) is a
faint source to the east of the low-redshift galaxy. This source
has no COSMOS photometric redshift.
Since we are unable to definitively determine another
source from which they originate, we cannot rule out that the
second blueward peaks are indeed Lyα emission from the tar-
geted LAEs. A triple-peaked Lyα line displaying two weak
blue peaks has not been previously observed in studies that
looked for multiple-peaked Lyα emission (e.g., Kulas et al.
2012; Yamada et al. 2012). Additionally, there are no clear
examples of such highly blueshifted Lyα emission, even in
the most extreme starburst LAEs in the nearby universe when
observed with high resolution and sensitivity (see Heckman
et al. 2011). With the inconclusive nature of the second blue
peaks and given the prevalence of “Group 1”-type double-
peaked profiles in the literature, we continue forward treating
HPS256 and HPS251 as double-peaked objects (i.e., we ig-
nore the second blueward peaks). However, we will return to
the possibility of these galaxies being more complex, triple-
peaked Lyα systems in §5.
3.2.2. Quantitative Description of the Lyα Emission
To quantitatively characterize the Lyα line profiles and ex-
tract observable quantities from the double-peaked profiles,
we utilize the MPFIT IDL package (Markwardt 2008) to fit
a function ftot(∆v) to each galaxy’s Lyα spectrum in velocity
space with the following form:
ftot(∆v) = fblue(∆v) + fred(∆v) + C , (1)
where C is the continuum level and fx(∆v) is a function de-
scribing each component of emission (e.g., fx denotes the red
emission component if x = red and the blue component if
x = blue). At the spectral resolution of our data, the emis-
sion components are asymmetric. For fx(∆v), we thus adopt
an “asymmetric Gaussian12” functional form similar to that
used by McLinden et al. (2011) to fit the Lyα line profiles of
10 COSMOS Photometric Redshift Catalog, November 2008 Release. The
quoted uncertainties correspond to the 99% confidence interval.
11 The photometric redshift of this brighter and extended source is con-
firmed with a detection of Hα at 12989 Å (z = 0.98± 0.01) in the 3D-HST
survey (Brammer et al. 2012).
12 The “asymmetric Gaussian” function is implemented in our IDL
code through the ARM_ASYMGAUSS routine developed by Andrew Marble:
http://hubble.as.arizona.edu/idl/arm/
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z = 3.1 LAEs. This is given by:
fx(∆v) = Ax exp
[
−
(∆v−∆v0,x)2
2σ2x
]
, (2)
where, Ax is the amplitude of the respective emission compo-
nent above the continuum level, ∆v0,x is the velocity of the
peak emission of the component, and σx is a width parame-
ter. Skew is introduced to the Gaussian described above by
defining σx as:
σx ≡
{
σx,b if∆v<∆v0,x
σx,r if∆v>∆v0,x
.
The FWHM of component x is then given by:
FWHMx =
√
2ln(2) (σx,b +σx,r) , (3)
and we define a parameter describing the skew as:
αx ≡ σx,r /σx,b . (4)
This parameter is defined such that αx = 1 describes a sym-
metric emission component, while αx > 1 (< 1) describes an
asymmetric emission component with an extended red (blue)
tail. We extract a total of seven observables describing the
Lyα line profile morphology: the red-to-blue component flux
ratio Fred/Fblue (where Fx =
∫
fx(∆v) d(∆v) ), the red com-
ponent velocity offset from systemic (∆v0,red), the total ve-
locity separation of the red and blue components (∆vtot =
∆v0,red −∆v0,blue), FWHMblue, FWHMred , αblue, and αred . We
do not include C since the continuum flux for all three galax-
ies is well below the detection limit of our spectra. Note that
the functional form of ftot(∆v) is not motivated by the physics
of the Lyα radiative transfer, but is rather for the purpose of
parameterizing the emission line morphology for comparison
with previously published results. This fitting procedure will
be especially useful in the future for characterizing and find-
ing trends in large samples of observed Lyα emission line pro-
files.
In the bottom panels of Figure 3, we show the best-fit
ftot(∆v) to each Lyα emission line, the parameters of which
are listed in Table 2. The quoted statistical uncertainties en-
compass the 68% confidence interval and were determined by
fitting Equation 1 to 103 Monte Carlo realizations of the ob-
served spectrum, similar to the method described in §3.1 for
the low resolution HPS Lyα spectra. In addition to these sta-
tistical uncertainties, recall that there also exists a systematic
uncertainty in the velocity zero-point resulting from the NIR
data (see §2.3.1; this only affects the ∆v0,red measurement).
All applicable values reported in Table 2 (i.e., FWHMx and
αx) have not been corrected for the instrumental resolution.
Such a correction would decrease the FWHMx measurements
(by no more than 30 km s−1 for the narrowest component) and
increase (decrease) the αred (αblue) measurements, thus yield-
ing the asymmetry parameterizations as lower (upper) limits.
As a result, these limits on αx clearly indicate that the red Lyα
peak for each LAE is quite asymmetric with a red tail, while
the blue Lyα peak tends to be asymmetric with a blue tail.
One may notice that the measured ∆v0,red given in Table 2
may not necessarily agree with the∆vlyα measurements from
the lower resolution HPS observations in Table 1. This is due
to the low S/N of both sets of spectra and the intrinsic asym-
metry in the dominant redward Lyα emission peak (in par-
ticular, the extended red tail and truncated blue edge of that
component). When observing such an asymmetric emission
TABLE 2
BEST-FIT R≈ 2500 LYα OBSERVABLES
(Units) HPS194 HPS256 HPS251
Fred/Fblue ( - ) 2.4±0.4 3.9+0.9−1.2 2.0+0.7−0.4
∆v0,red (km s−1) 173+17−20 175
+9
−19 179
+8
−28
∆vtot (km s−1) 300+19−71 425
+33
−38 415
+29
−44
FWHMblue (km s−1) 353+48−62 240
+75
−23 306
+81
−37
FWHMred (km s−1) 380+44−23 335
+11
−80 343
+45
−18
αblue ( - ) 0.4+0.1−0.2 0.6
+0.4
−0.1 0.8±0.2
αred ( - ) 4.4+1.2−0.9 5.3
+1.5
−0.5 2.7
+0.8
−0.1
NOTE. — See §3.2 for the definitions of these parameters. The
quoted uncertainties are statistical. Systematic errors associated with
the optical and NIR wavelength calibrations are discussed in §2.2 and
2.3.1, respectively (these only affect the∆v0,red measurement).
line at the lower spectral resolution of the HPS, the excess
emission in the extended red tail pulls the convolved peak of
the unresolved line further redward. This can be seen in the
top panel of Figure 3 when comparing the actual HPS R≈ 750
data with the R≈ 2500 data that has been degraded to the HPS
spectral resolution and dispersion. We discuss this effect fur-
ther in §5.4.
3.3. Double-Peaked Lyα Emission Across Galaxy Samples
The presented sample of three LAEs were not preselected
to have multiple Lyα emission components. However, it
should not be surprising that each LAE shows a multiple-
peaked morphology at high spectral resolution since multi-
ple peaks are a natural outcome of Lyα resonant line trans-
fer. This is due to photons diffusing through the scattering
medium in real and frequency space until reaching the line
wings on either side of the core where the optical depth is
low enough for escape. For the simplest case of resonant
scattering through static gas, the result is a double-peaked
emergent spectrum that is symmetric about the velocity zero-
point (Neufeld 1990). The observed frequency of multiple
peaked Lyα emission appears to be significant for LAE sam-
ples (∼ 50% in the overdense SSA22-Sb1 field; Yamada et al.
2012) as well as for LBG samples (∼ 30%; Kulas et al. 2012).
These frequencies should be regarded as lower limts due to the
limited spectral resolution and S/N of the data. Disregarding
possible trends with environment (i.e., overdensity vs. field),
these results suggest that drawing three LAEs with multiple
peaks from the HPS sample is not an unlikely scenario.
At low spectral resolution, the measured velocity offsets of
all three LAEs in our sample appear to be consistent with the
mean Lyα velocity offset as measured from 8 other Lyα se-
lected galaxies in the literature that were observed at similar
resolution (〈∆vLyα〉 = 164±97 km s−1, where the uncertainty
represents the standard deviation of the sample; McLinden et
al. 2011; Hashimoto et al. 2012; Guaita et al. 2013). This
value, as noted by Finkelstein et al. (2011) and the aforemen-
tioned authors, is much smaller than the ∼ 450 km s−1 offset
that is typically measured for LBGs (e.g., Steidel et al. 2010).
From the results of Yamada et al. (2012) and Kulas et
al. (2012), Lyα spectra having a strong red component and
a weaker blue component are the most common multiple-
peaked line profile morphology. Besides being observed in
both Lyα-selected and UV continuum-selected samples of
galaxies, this line profile can be observed for galaxies span-
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ning a variety of redshifts from local LBG analogues (Heck-
man et al. 2011) to galaxies beyond z∼ 3 (Tapken et al. 2007).
In addition, it is not only observed emerging from individual
galaxies (e.g., this work, McLinden et al. 2011; Kulas et al.
2012; Christensen et al. 2012; Yamada et al. 2012), but also
from the large Lyα nebulae (i.e., Lyα blobs; LABs) that are
often associated with protoclusters (Matsuda et al. 2006; Yang
et al. 2011) and radio galaxies (Adams et al. 2009).
As with the unresolved Lyα velocity offsets ∆vLyα dis-
cussed above, the velocity offsets of the multiple peaks rela-
tive to the systemic velocity might be expected to be different
between LAE and LBG samples. From Kulas et al. (2012),
the average velocity offset for the red emission component of
their “Group 1” line profiles is 〈∆v0,red〉 = 417± 101 km s−1
while the average total separation between the red and blue
components is 〈∆vtot〉 = 801±136 km s−1. On average for the
LAEs presented here, these same measurements are smaller
by a factor of ∼ 2 (cf., Table 2). This is visualized in Fig-
ure 4, which shows the average R ≈ 2500 spectrum of our
three LAEs plotted on the same velocity scale relative to zsys
as the composite spectrum of the 11 “Group 1” double-peaked
LBGs from Kulas et al. (2012). Additionally, we show a com-
posite spectrum of 29 single peaked LBGs from Steidel et al.
(2010). The top panel shows the Lyα spectra normalized by
the peak flux to accentuate differences in the velocity offsets,
while the lower panel shows the same spectra normalized to
the continuum13 redward of the Lyα line to accentuate dif-
ferences in the relative EWLyα for each sample. In both pan-
els, we show a degraded version of our LAE composite Lyα
line profile that has the same average spectral resolution of
Steidel et al. (2010) and Kulas et al. (2012) to show that the
differences in the velocity structure between the samples are
largely invariant with spectral resolution. This figure embod-
ies a trend that higher EWLyα objects tend to have smaller Lyα
velocity offsets (e.g., Hashimoto et al. 2012). This trend is es-
pecially interesting since there is naturally some overlap be-
tween LBG and LAE samples; some LAEs, such as those pre-
sented in this work, have high EWLyα and small Lyα velocity
offsets, but are bright enough in the continuum to be consid-
ered LBGs in most surveys and have some physical properties
that are similar to the typical LBG, such as stellar mass.
In addition to the three LAEs presented here, the number
of Lyα line profiles displaying the strong red and weaker
blue double-peaked morphology with a measure of zsys has
grown significantly (e.g., Fynbo et al. 2010; Steidel et al.
2010; McLinden et al. 2011; Yang et al. 2011; Heckman et
al. 2011; Kulas et al. 2012; Christensen et al. 2012; Noter-
daeme et al. 2012). As with our three LAEs, the systemic
Lyα line center usually lies in between the two peaks. While
the large sample of such Lyα line profiles from Yamada et al.
(2012) for LAEs do not have a measure of zsys, these previ-
ous results suggest that we can be reasonably safe in at least
comparing ∆vtot for our galaxies with that from the Yamada
et al. (2012) sample. Since the Yamada et al. (2012) sample
has 〈∆vtot〉 = 608± 170 km s−1, our LAEs appear to be on
the lower end of the distribution. However, despite the asym-
metry that they measure in their Lyα spectra, Yamada et al.
(2012) determine the peak-to-peak separation by fitting sym-
13 The relative flux of our R≈ 2500 Lyα spectra has been scaled to match
the total Lyα line flux measured from the HPS (Adams et al. 2011). Since no
continuum is detected spectroscopically for our LAEs, we use the continuum
flux measured by COSMOS V -band photometry for normalization (see Table
1).
FIG. 4.— Comparison of the Lyα line profiles for different galaxy samples.
In both panels, the blue histogram is the composite Lyα spectrum for LBGs
from Kulas et al. (2012) that encompass the “Group 1” multiple-peaked pro-
files and qualitatively match the general Lyα morphology of the LAEs pre-
sented here. The red histogram is the composite spectrum of single-peaked
Lyα profiles of LBGs from Steidel et al. (2010). The green histogram is the
average R ≈ 2500 Lyα line profile for the three HPS LAEs observed in this
work, while the black histogram is the same data but degraded to the same
spectral resolution as the LBG Lyα spectra. The top panel is normalized
to the peak Lyα flux to accentuate differences in the velocity axis while the
lower panel is normalized to the continuum flux redward of Lyα, showing
the relative differences in EWLyα. The light-blue shaded region has the same
meaning as in Figure 3.
metric Gaussians to each emission component. If we were to
fit our Lyα spectra with symmetric Gaussians consistent with
their method, ∆vtot would be 422, 561, and 559 km s−1 for
HPS194, HPS256, and HPS251, respectively. In this case,
each of our LAE would be close to within 1σ of the mean
of the Yamada et al. (2012) ∆vtot distribution. Thus, as also
seen at lower resolution, our double-peaked Lyα spectra ap-
pear to be consistent with those already measured for other
LAE samples.
Depending on the gas geometry and kinematics, the asym-
metric shape of the emission line components can provide
clues about the Lyα radiative transfer and the properties of the
scattering gas (e.g., Verhamme et al. 2006; Zheng et al. 2010;
Schaerer et al. 2011; Christensen et al. 2012; Noterdaeme et
al. 2012). As seen from our measurements, both emission
peaks in the three LAEs’ spectra are typically asymmetric,
with a sharper fall-off towards the Lyα line center. While
asymmetry measurements are highly dependent on the instru-
mental resolution, we can at least compare our Lyα spectra
qualitatively to the asymmetry observed for galaxies showing
Lyα with a similar characteristic double-peaked morphology.
At slightly lower spectral resolution than our data (180 km
s−1 FWHM as compared to our data at 120 km s−1), Yamada
et al. (2012) find that the stronger red peak in objects show-
ing the characteristic double-peaked Lyα profile is typically
asymmetric with an extended red wing on the red emission
component. McLinden et al. (2011) also find this for the one
object in their sample displaying the double-peaked morphol-
ogy. At similar or higher spectral resolution to ours, stud-
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ies such as Fynbo et al. (2010), Heckman et al. (2011), Yang
et al. (2011), Noterdaeme et al. (2012), and Christensen et
al. (2012) have observed objects whose double-peaked Lyα
spectrum is asymmetric in the same manner as our spectra
(i.e., each emission component showing asymmetry with the
sharpest fall-off towards line center). The asymmetry in our
data appear to be consistent with that of the highest resolu-
tion Lyα spectra in the examples given (. 75 km s−1 FWHM;
Christensen et al. 2012), which shows that the flux fall-off
towards line center is extremely sharp. Such asymmetry is
thought to be the signature of outflowing gas, where the ex-
tended red wing of the red emission component consists of
photons that have been “backscattered” several times off of
the far-side inner surface of an expanding shell of neutral hy-
drogen gas (e.g., Verhamme et al. 2006; also, see §4.2). In
the following section, we examine the ability of such a model
to reproduce the shape of the observed Lyα profiles for our
LAEs.
4. COMPARISON WITH Lyα RADIATIVE TRANSFER MODELS
In §1 and the references therein, the complex processes that
govern the escape of Lyα from a galaxy and their effect on
the emergent Lyα emission line profile were discussed, along
with mention of several studies which attempt to model them.
To date, the model that observed Lyα line profiles have been
most widely compared with is that of the propagation of Lyα
photons through a simple expanding, spherical shell of neutral
hydrogen gas (e.g., Verhamme et al. 2006; Barnes & Haehnelt
2010; Schaerer et al. 2011). This is largely due to its suc-
cess in reproducing many observed properties of z∼ 3 LBGs,
including the shape of the Lyα line in emission and absorp-
tion for various line profile morphologies (e.g., Schaerer &
Verhamme 2008; Verhamme et al. 2008). While highly ideal-
ized, this model is physically motivated by the basic picture
of a star-forming galaxy in which the energy from a centrally
located starburst (which is the location of the initial Lyα emis-
sion) pushes out the ISM through the combined effect of stel-
lar winds and supernovae explosions. The result is a “super-
bubble” formed within a geometrically thin shell of expanding
neutral gas.
4.1. The Expanding Shell Model Grid
To compare with the R ≈ 2500 data, we have used the
Lyα radiative transfer code developed by Zheng & Miralda-
Escudé (2002) and Kollmeier et al. (2010) to produce a grid
of model Lyα spectra resulting from the transfer of Lyα pho-
tons through expanding, isothermal, and homogeneous shells
of neutral hydrogen gas. This code was also used by Kulas et
al. (2012) in their qualitative comparison of model Lyα line
profiles with the multiple-peaked Lyα spectra of LBGs. The
expanding shell radiative transfer models that we run are iden-
tical to previous work by Verhamme et al. (2006) and Schaerer
et al. (2011), with the exception of a couple notable simplifi-
cations:
1) Intrinsic Lyα Spectrum - The intrinsic spectrum emitted
from the central point source in these two studies is a Gaus-
sian Lyα line plus a continuum, whereas our models currently
only use an idealized monochromatic Lyα line. The lack of
continuum emission in our models results in only negligible
effects on the output model Lyα spectra since we are compar-
ing them with the Lyα spectra of galaxies that have observed
EWLyα > 100 Å in the rest-frame. Using Hα, Song et al.
(2013, in preparation) have measured the 1-D integrated line-
of-sight nebular velocity dispersion σHα for each galaxy. This
traces the velocity dispersion of the galaxy’s H II regions and
thus the width of the intrinsic Lyα emission. For the three
LAEs presented here, σHα is at most 72 km s−1 (which is sys-
tematically smaller by ∼ 40 km s−1 than σHα for the average
z∼ 2 UV-selected galaxy; Erb et al. 2006). We discuss the ef-
fect of using a dispersion of Lyα injection frequencies (rather
than a monochromatic line) in §5.1.
2) Dusty Shells - The neutral hydrogen shells in these two
studies can be uniformly mixed with dust (parameterized by a
dust absorption optical depth τa, which essentially character-
izes the dust-to-gas ratio), whereas we model only dust-free
shells. Including dust in the shell has the effect of “sharp-
ening” the Lyα line profile. Basically, this is because photons
that emerge farther from the Lyα line center have encountered
more scattering events, which gives them a higher probabil-
ity of being absorbed by a dust grain. For τa . 1, the over-
all shape of the emergent Lyα line profile is well preserved
when compared to the dust-free line profile emerging from
an otherwise identical shell, other than the sharpening effect
(Verhamme et al. 2006; Schaerer et al. 2011). The dust ab-
sorption optical depth is related to the measured extinction as
E(B−V )≈ 0.1τa (Verhamme et al. 2006). Using E(B−V ) for
our three LAEs (cf., Table 1; Blanc et al. 2011), τa≈ 0.9±0.6,
1.0± 0.9, and 0.7± 0.8 for HPS194, HPS256, and HPS251,
respectively. The potential impact of dust on our comparison
with dust-free shell models is further discussed in §5.1.
An individual model on our grid is thus characterized by
three parameters that describe the shell: the (uniform) ex-
pansion velocity Vexp, the Doppler parameter b (which in the
absence of turbulence is equivalent to the gas thermal veloc-
ity), and the neutral hydrogen column density NHI. Our grid
has been computed for the following values: Vexp = 50, 100,
200, and 300 km s−1; b = 20, 40, 80, and 120 km s−1; NHI
= 1017, 1018, 1019, and 2× 1020 cm−2. For comparison with
the R ≈ 2500 Mitchell Spectrograph Lyα data, each model
Lyα spectrum has been convolved with a 120 km s−1 FWHM
Gaussian kernel.
4.2. Model Trends
Verhamme et al. (2006) decompose the Lyα line profile to
determine how various features in multiple-peaked Lyα spec-
tra arise (see their Figure 12). In summary, there are three
basic modes of escape of Lyα photons from an expanding
shell, any number of which could be occurring simultane-
ously in the same model depending on the shell parameters:
1) a single series of scatterings before escape; 2) one or more
series of “backscatterings” before escape (where a backscat-
tering event is defined as a series of scatterings after which
the photon traverses the shell’s cavity and reenters the shell in
a different location); and 3) direct escape (i.e., no interaction
with the shell). Mode 1, which is a similar process to reso-
nant scattering through a slab of neutral gas, results in a peak
blueward of the Lyα line center and a redward peak. The rel-
ative strength of these two peaks is determined by Vexp (i.e.,
the two peaks are more equal in strength for small Vexp as one
approaches the static case). Mode 2 results in another peak
redward of the Lyα line center, which is composed of photons
that have undergone one backscattering event. Due to radia-
tive transfer effects (i.e., these photons are “reflected” off the
receding inner surface of the shell back towards the observer),
this peak traces∼ 2Vexp in terms of its offset from the line cen-
ter. Photons that undergo more than one backscattering event
emerge progressively redward of this peak with less probabil-
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FIG. 5.— Representative Lyα emission line profiles from the grid of Lyα radiative transfer models in the homogeneous expanding shell geometry. From left
to right, each panel shows the variation of the Lyα emission line profile as functions of NHI, b, and Vexp, respectively, while the other two respective parameters
are held constant about a fiducial model having NHI = 1019 cm−2, b = 80 km s−1, and Vexp = 100 km s−1. Each model spectrum has been convolved with a 120
km s−1 FWHM Gaussian kernel for comparison with our R≈ 2500 Mitchell Spectrograph observations of Lyα and have been scaled to the peak flux.
ity, which results in an extended redward tail. Finally, mode
3 occurs only when Vexp is large enough for the Lyα photons
emitted at the shell’s center to already be redshifted out of
resonance in the frame of the expanding gas when they en-
counter the shell. Therefore, these photons emerge as a peak
at the Lyα line center.
In Fig. 5, we show several representative model Lyα spec-
tra from the grid, where each panel shows the variation of one
of the three parameters for fixed values of the other two about
a fiducial model having NHI = 1019 cm−2, b = 80 km s−1, and
Vexp = 100 km s−1. All of the escape modes discussed above
are seen in at least one of the models shown in this figure.
To understand how the Lyα line profile that is emergent
from the expanding shell depends on the three parameters,
we begin by considering the simplest case of resonant scatter-
ing through a static slab of neutral hydrogen gas with Doppler
parameter b and neutral hydrogen column density NHI. This
configuration results in a symmetric double-peaked spectrum
about the Lyα line center (e.g., Neufeld 1990). Based on a
random walk in both frequency space and real space, one can
show that the typical velocity offsets of the peaks from the
line center are approximated by (e.g., Hansen & Oh 2006;
Verhamme et al. 2008):
∆v ∼ ±190 [km s−1] ( b
80 km s−1
)1/3( NHI
1019 cm−2
)1/3
.
(5)
Imparting a bulk velocity to the slab towards the observer
(away from the Lyα source) results in a growing asymme-
try in the flux of the two peaks as the Lyα photons upon the
first interaction are redshifted in the frame of the hydrogen
atoms. As a result, bluer photons shift into resonance, which
diminishes the bluer peak relative to the redder peak. When
the slab has a bulk velocity, the velocity offsets of the emis-
sion peaks are no longer well approximated by the relation
in Equation 5, but the basic behavior remains the same (i.e.,
the total separation between the peaks increases with increas-
ing b and NHI). This scenario qualitatively describes escape
mode 1 for photons escaping the expanding shell on the hemi-
sphere approaching the observer at Vexp, and the basic trends
described above can be seen in the panels of Figure 5.
As mentioned, escape modes 1 and 2 together result in two
emission peaks redward of the Lyα line center. While several
models in Figure 5 show this morphology, the majority only
show a single redward peak. As noted by Verhamme et al.
(2006), decreasing the ratio Vexp/b results in these two red
peaks becoming increasingly superposed, eventually resulting
in a single blended redward emission peak. Decreasing this
ratio also results in a decrease of the ratio of the flux redward
of the line center to the blueward flux. This is in part due to
the move closer to the static case with decreasing Vexp.
Changes in NHI result in complex variations of the line pro-
file. In general, as roughly described by Equation 5, increas-
ing NHI results in an increased separation between the peaks.
Additionally, the FWHM and asymmetry of each peak in-
creases with increasing NHI due to the photons needing to
scatter further out into the line wings in order to escape the
optically thick column, especially for the redward emission
as the mode 2 backscattering effect is increased. This is also
the cause of the decreasing ratio of the flux redward of the
line center to the blueward flux for a given Vexp. As men-
tioned above, the velocity offset of the red peak that results
from escape mode 2 (i.e., backscattered photons) typically
traces ∼ 2Vexp. At first glance, this feature of the emergent
Lyα line profile seems to provide a tight constraint on the out-
flow velocity of the system. However, we’ve mentioned that
this peak can become blended with the redward peak resulting
from escape mode 1 for decreasing Vexp/b. To further com-
plicate the matter, Verhamme et al. (2006) note that the red-
ward peak from escape mode 1 decreases in strength relative
to the escape mode 2 peak with increasing NHI. This effect
is clearly illustrated in Figure 17 of Verhamme et al. (2008),
which shows how the velocity offset of the dominant redward
Lyα peak traces a varying multiplicative factor of Vexp with
various values of NHI. For NHI & 1020 cm−2, the most domi-
nant of the two redward peaks results from the backscattered
escape mode 2 photons and traces ∼ 2Vexp. For smaller NHI,
the dominant redward peak results from escape mode 1 pho-
tons and its velocity offset traces < 2Vexp. This explains why
little change in the velocity offset of the dominant red peak in
the right panel of Figure 5 is seen with changing Vexp. Since
the models we show are for NHI = 1019 cm−2, the dominant
peak results from escape mode 1 photons whose velocity off-
set from the line center is primarily determined by changes
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FIG. 6.— The results of the statistical comparison of the Lyα spectra of the three LAEs with the grid of model Lyα line profiles in the expanding shell geometry.
The reduced χ2 statistic (χ2red) is shown as a function of each of the three model parameters. In each panel, the horizontal dashed and solid lines represent the
68% and 99% confidence limits shown in the reduced units, respectively. To emphasize the minimum χ2red model, the vertical axis of each panel is set such that
models with χ2red > 6 are not shown. Each data point has been scrambled by a small, random amount along the horizontal axis and displayed with some degree
of transparency to avoid confusion between similar-valued points.
in NHI and b (cf., Equation 5). NHI is particularly dominant
because, in addition to shifting the emission components in
velocity, it has the ability to strongly influence the FWHM
and asymmetry of the emission components. Additionally, its
dynamic range is much larger than that for b.
As can be seen by the above discussion and the example
model spectra shown in Figure 5, the emergent Lyα line pro-
file changes in non-trivial fashion for variations in each indi-
vidual parameter. In addition, simple qualitative interpreta-
tions of observed Lyα line profiles under the expanding shell
model can be hindered by the degeneracies of the modeling
parameters on all observables (e.g., one needs to constrain NHI
before using the velocity offset of the dominant redward peak
directly as a tracer of Vexp). While such constraints are not
currently available for our galaxies, our observed Lyα spec-
tra are of sufficient resolution to identify individual emission
components and their shapes (i.e., asymmetries, widths, etc.).
By conducting a statistical comparison of our observed Lyα
spectra with the spectra of the expanding shell model grid, we
aim to constrain the physical parameters of the gaseous com-
ponent of the LAEs through which the Lyα photons scatter.
4.3. Statistical Comparison with Observed Lyα
We perform a statistical comparison between the observed
Lyα emission line profiles and the expanding shell Lyα ra-
diative transfer models by calculating the χ2 statistic for each
model on the grid for each galaxy. After being degraded to the
instrumental resolution, each model in the grid is interpolated
via cubic spline to the velocity bin centers of each galaxy’s
observed Lyα spectrum. The observed spectra are corrected
for the background level C measured in §3.2.2 (this is impor-
tant only for HPS251, which includes faint continuum from
the nearby extended low-redshift galaxy that was within the
fiber; see Figures 1 and 3). Finally, we multiply the model
by a scaling factor A, which is determined by minimization
of the squared residuals between the model and the data. We
calculate the χ2 statistic as follows:
χ2 =
N∑
i=1
[
Fi − y (NHI, b, Vexp, A; ∆vi)
σi
]2
, (6)
where Fi and σi are the observed relative flux and its associ-
ated statistical uncertainty, respectively, each at the ith veloc-
ity bin ∆vi. Here, the model spectrum with the parameters
NHI, b, Vexp, and A, is denoted as y. Recall that there is an
uncertainty on the velocity zero-point of the observed Lyα
spectrum that results from the RMS of the Mitchell Spectro-
graph and NIRSPEC wavelength solutions as well as the sys-
tematic uncertainty associated with the zsys measurement (see
§2.2 and §2.3.1). To reflect this uncertainty in our analysis,
we have allowed the observed Lyα spectra to shift relative to
the velocity zero-point within this total uncertainty until the
minimum χ2 is found for each model on the grid. The total
uncertainty in the velocity zero-point is ±19, ±20, and ±21
km s−1 for HPS194, HPS256, and HPS251, respectively.
For a common comparison of the calculated χ2 values be-
tween the three galaxies, we calculate the reduced χ2 statistic,
which is given by χ2red = χ
2/(N −M), where N is the number
of velocity bins in each spectrum and M is the number of de-
grees of freedom (here, M = 5). Since we only included data
in the range −1000 <∆v (km s−1) < 1000 in our calculation
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FIG. 7.— The observed Lyα spectra of the three LAEs plotted with their respective best-fitting expanding shell model Lyα spectra. The magnitude of the
velocity shift within the total velocity zero-point uncertainty that yields the minimum χ2 is visualized in these panels by the shifted vertical dashed line relative
to∆v = 0 km s−1. The best-fitting models and their respective statistics are listed in Table 3.
TABLE 3
SUMMARY OF BEST-FIT EXPANDING SHELL MODELS
Object N −M Q logNHI b Vexp χ2red
(km s−1) (km s−1)
HPS194 33 4.1×10−10 18 120 300 3.218
HPS256 39 7.8×10−4 18 80 100 1.921
HPS251 34 3.2×10−4 18 80 200 2.040
NOTE. — The models listed are the best-fit at the 68% confidence level, with the
exception of HPS256. For HPS256, a model with the same b and Vexp (but with NHI =
1019 cm−2) is the next best-fit. Since these two models differ by∆χ2 = 0.61., they both
lie within the 68% confidence limit.
of χ2 (i.e., we ignore the second blueward peak in HPS256
and HPS251), N is 38, 44, and 39 for HPS194, HPS256, and
HPS251, respectively.
In Figure 6, we show the results of the statistical compar-
ison of the R ≈ 2500 data with the expanding shell model
grid by plotting χ2red as a function of each of the three physi-
cal model parameters for each galaxy. We include horizontal
lines that represent the ∆χ2 above the minimum χ2 for each
galaxy in the reduced units that corresponds to the 68% and
99% confidence limits (Press et al. 1992). As can be seen
from Figure 6, the data appear to be able to constrain the mod-
els relatively well at the 68% confidence level. For HPS194
and HPS251, a single best-fit model lies below the 68% confi-
dence limit. For HPS256, two models lie below the 68% con-
fidence limit, although these two models occupy nearly same
position in the three dimensional parameter space and differ
only by one order of magnitude in NHI. At the 99% confi-
dence level, HPS194 still only has a single best-fitting model.
HPS256 and HPS251, however, have three and four models
lying below the 99% confidence limit, respectively, and are
thus less well constrained. In particular, the lower S/N of the
HPS251 Lyα spectra resulted in the four models within the
99% confidence limit spanning the entire parameter space in
both b and Vexp.
The best-fit models for each galaxy are summarized in Ta-
ble 3 and are plotted with the R≈ 2500 Lyα data in Figure 7.
From this figure, we can qualitatively state that the emission
redward of the Lyα line center is relatively well represented
by the expanding shell model spectra for each galaxy except
for the extended red wings for HPS256 and HPS251. The
emission blueward of the Lyα line center, however, is very
poorly fit by the best-fitting model for each galaxy except for
HPS256. For HPS194 and HPS251, the models do not repro-
duce the proper velocity offset or red-to-blue peak flux ratio.
To estimate the probability of the observed residuals being
due to statistical fluctuations in the data, we have calculated
the probability Q, which is given by the integral of the χ2
probability density function for N − M degrees of freedom,
integrated from the best-fit χ2 value for each galaxy to infin-
ity (Press et al. 1992). We obtain probabilities of 4.1×10−10,
7.8×10−4, and 3.2×10−4 for HPS194, HPS256, and HPS251,
respectively. This suggests that even the best-fitting expand-
ing shell model Lyα spectra are relatively poor representa-
tions of the observed Lyα spectra for these galaxies.
5. DISCUSSION
5.1. Possible Limitations of Our Models
In §4.1, we discussed the differences between our homo-
geneous expanding shell models and those of Verhamme et
al. (2006) and Schaerer et al. (2011). The differences are the
simplification of the input spectrum and the lack of dust. We
discuss each of these below as they pertain to the statistical
comparison presented above.
We have already stated that the lack of continuum is negli-
gible in our models since our objects have such high EWLyα.
However, all three galaxies have a measurable value of σHα
from the spectrally resolved Hα emission (Song et al. 2013, in
preparation). Assuming the Lyα photons are originally emit-
ted from the same gas that is emitting the detected Hα, these
measurements imply an intrinsic Lyα FWHM of 144± 22,
170± 22, and 104± 14 km s−1 for HPS194, HS256, and
HPS251, respectively. A higher intrinsic Lyα line width
(as opposed to the monochromatic line we model) results in
more photons beginning the resonant scattering process fur-
ther from the core of the scattering cross-section. In non-
static media, however, the frequency of the resonant core is
shifted in the frame of the scattering gas. Thus, for the ex-
panding shells we model, a non-monochromatic intrinsic Lyα
line increases the direct escape probability of photons origi-
nally emitted redward of the Lyα line center while decreasing
the corresponding probability for blueward emitted photons.
The result is a slightly broader Lyα spectrum with similar
velocity offsets and a slightly increased value of Fred/Fblue.
A broader emergent Lyα spectrum would aid in fitting the
extended red wings of the redward emission component for
HPS256 and HPS251. However, this improvement may be
negatively offset because, as seen in Figure 7, the flux ratio
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Fred/Fblue is consistently too large in the models. In addition,
a non-monochromatic intrinsic Lyα emission line would not
significantly change the model emission component velocity
offsets. Since the velocity offset of the HPS194 and HPS251
blueward emission component is already reproduced incor-
rectly by Lyα photon transfer through the expanding shell,
including a frequency distribution rather than monochromatic
Lyα photons would likely result in only negligible improve-
ments for those objects.
As seen in §4.1, each LAE contains potentially significant
amounts of dust (although the large uncertainties on E(B−V )
are also consistent with very little or no dust; Blanc et al.
2011). Verhamme et al. (2006) discuss how the various fea-
tures of the Lyα line profile that arise from the various escape
modes (see §4.2) change with increasing dust optical depth τa.
In general, the photons that encounter more scatterings have
a higher probability of being absorbed by dust due to their
longer effective path length through the system. Thus, the
backscattered photons of escape mode 2, particularly the ex-
tended red tail resulting from multiple backscattering events,
are especially affected by dust which results in a more narrow
(or “sharpened”) line profile (also, see Laursen et al. 2009).
Additionally, the photons emerging blueward of the line cen-
ter (i.e., the bluer photons resulting from escape mode 1 scat-
terings through the hemisphere of the shell expanding towards
the observer) are also especially susceptible to dust absorp-
tion. This is because the bluer photons are redshifted closer
to the resonant frequency as seen by the hydrogen atoms in
the shell and undergo a larger number of core scatterings be-
fore emerging blueward enough for escape. These effects can
be seen in Figure 17 of Verhamme et al. (2006), Figures 5
and 6 of Schaerer et al. (2011), and Figure 16 of Duval et
al. (2013). As mentioned above, the expanding shell models
within the searched parameter space do not reproduce the ob-
served values of Fred/Fblue, with the peak blueward of the line
center ubiquitously having too little flux in the best-fit mod-
els. Since the blueward peak is one of the features that is most
easily extinguished by dust, including dust in our models can-
not improve the best-fitting values of χ2 since the little flux in
the models blueward of the line center would only be further
diminished.
As is often the case at 2. z. 3, we have ignored the effect
of absorption and scattering in the IGM. While its effect is
mostly to further diminish the Lyα emission that is blueward
of the Lyα line center (e.g., Laursen et al. 2011), it is possible
for gravitational inflow of IGM material in the vicinity of the
galaxy’s dark matter halo to also diminish the redward emis-
sion (Dijkstra et al. 2006b). However, since the mean optical
depth of the IGM is . 0.2 at the redshifts of the galaxies in-
cluded in this study (Becker et al. 2013), we do not consider
it as a contributing factor in the poor fits to the data.
Finally, we reiterate that we have modeled Lyα radiative
transfer through expanding shells with a homogeneous dis-
tribution of neutral gas. Duval et al. (2013) have modeled
Lyα radiative transfer through expanding shells with vary-
ing degrees of density inhomogeneity, from the homogeneous
case to a scenario where all of the neutral gas is contained
in clumps (i.e., the volume in the shell between the clumps
is transparent to Lyα photons). In general, they find that the
overall shape of the emergent Lyα line profile for increasing
degrees of inhomogeneity is basically unchanged and follows
the same trends as seen in the homogeneous case (see §4.2
and Verhamme et al. 2006). However, one marked change
for parameter combinations resulting in double-peaked spec-
tra (i.e., models with low Vexp/b) is the reduction in Fred/Fblue
with increasing inhomogeneity. As seen in Figure 13b of Du-
val et al. (2013) for an expanding shell with NHI = 2× 1020
cm−2, b = 40 km s−1, and Vexp = 100 km s−1, Fred/Fblue reduces
from ∼ 11 in the homogeneous case to ∼ 5 in the clumpy
case. Since our homogeneous models consistently produce
too large Fred/Fblue, this effect would certainly improve the
overall fit of the expanding shell model spectra to our ob-
served Lyα spectra.
While a highly inhomogeneous, multi-phase ISM is not
fully consistent with LAE observations and may be astrophys-
ically unrealistic (e.g., Scarlata et al. 2009; Duval et al. 2013;
Laursen et al. 2013), several recent studies have shown that
some degree of inhomogeneity is present for the average LAE
(e.g., Blanc et al. 2011; Nakajima et al. 2012). These studies
derive the parameter q = τLyα/τ1216, where τLyα is the optical
depth of Lyα photons and τ1216 is the optical depth of contin-
uum photons redward of the Lyα transition. Values of q 1
indicate that Lyα sees very little dust extinction, as would
be the case for a reduced number of scatterings in an ISM
that has either favorable kinematic properties (e.g., the gas
experiences a high velocity bulk motion, such as a powerful
outflow), a highly inhomogeneous and clumpy distribution of
neutral gas and dust (e.g., Neufeld 1991; Hansen & Oh 2006),
or both. Values of q 1 indicate that Lyα photons suffer a
large number of scatterings and are thus strongly attenuated
by dust, which is expected for a homogeneous and/or static
ISM. For a sample of ∼ 900 LAEs at z = 2.2, Nakajima et al.
(2012) calculated 〈q〉 = 0.7± 0.1, while Blanc et al. (2011)
measure a median q of 0.99±0.44 for LAEs in the HPS sam-
ple. Both of these measurements indicate that on average for
a similar LAE to those we observe, Lyα photons are neither
preferentially attenuated nor are preferentially escaping due
to the configuration of the ISM. Although the effects of the
ISM’s distribution and kinematics both factor into the mea-
sured value of q, q ≈ 1 indicates that some degree of ISM
inhomogeneity cannot be ruled out.
In summary, the limitations of our Lyα radiative transfer
modeling may be a factor in explaining some of the discrep-
ancies between the model Lyα spectra and our observations.
For HPS256, the expanding shell model properly reproduces
the velocity offsets of the Lyα emission components. Includ-
ing a distribution of frequencies for the input Lyα photons
(which would create a broader emergent Lyα spectrum, bet-
ter fitting the extended red wing of the red emission compo-
nent) and modeling an inhomogeneous gas distribution within
the expanding shell (which would decrease Fred/Fblue) would
likely result in a model spectrum that closely matches our ob-
servations. However, such modeling advancements will not
improve the fit when the velocity offsets of the Lyα emis-
sion components are not properly reproduced in the first place
(e.g., the blue peak of HPS194 and HPS251).
5.2. Expanding Shells: the Right Model?
The expanding spherical shell model describing gaseous
geometry and kinematics is appealing for star-forming galax-
ies due to its simplicity and physical motivation. This model
has recently received a great deal of attention in the litera-
ture from an observational standpoint for interpreting Lyα line
profiles of LAEs and LBGs and their velocity offsets. Ver-
hamme et al. (2008) had success in fitting the Lyα line profiles
of a sample of 11 LBGs (8 have EWLyα > 20 Å) observed at
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R≈ 2000 with expanding shell synthetic spectra. Their spec-
tra were typically constrained by systemic redshift measure-
ments of non-resonant emission lines in the low resolution
FORS Deep Field spectra of Noll et al. (2004). They use the
physical parameters derived from those fits to explain several
observed correlations between various properties of the sam-
ple. Of their 11 galaxies, 7 display a Lyα line with a single
asymmetric peak. Their spectra are typically deep enough to
detect the continuum, so secondary peaks are not missed due
to S/N limitations. The remaining 4 galaxies show multiple-
peaked morphologies similar to the Lyα spectra of the LAEs
presented here. Unlike for the single-peaked asymmetric pro-
files, Verhamme et al. (2008) have difficulty fitting the double-
peaked Lyα profiles with the expanding shell model and typi-
cally require quasi-static gas kinematics, much larger intrinsic
Lyα line widths than are physical for non-AGN star-forming
galaxies, or a large adjustment of the velocity zero-point (of
& 200 km s−1) in order to obtain a good fit.
Observing LBGs with existing Lyα data at an average spec-
tral resolution of ∼ 370 km s−1 FWHM, Kulas et al. (2012)
specifically targeted objects displaying multiple-peaked Lyα
spectra and followed-up on a sample of 18 objects with NIR
observations of optical nebular emission lines to constrain
the sample’s zsys. They observe various Lyα line profile
morphologies and qualitatively compare composite spectra
grouped by morphology with a coarse grid of synthetic spec-
tra from the same expanding shell Lyα radiative transfer code
used here. In general, they found that most features of the var-
ious multiple-peaked spectra could not be reproduced by the
models. The best match to the expanding shell model is their
“Group 1” profiles, which are qualitatively similar to the Lyα
profiles in this work (see Figure 4). A high column density
expanding shell model with NHI = 2× 1020 cm−2, b = 40 km
s−1, and Vexp = 100 km s−1 reproduces the large velocity off-
sets for their composite “Group 1” LBG profile as well as the
asymmetries. But, like we observe in Figure 7, the expand-
ing shell model under-predicts the strength of their “Group
1” composite’s blue emission component. Kulas et al. (2012)
also measure the widths and velocity offsets of IS absorption
features. Assuming that the absorbing material is part of the
same outflowing shell through which Lyα photons scatter, the
former measure traces b while the latter is equivalent to Vexp.
Indeed, they find qualitatively that the best-fitting model spec-
trum has Vexp = 100 km s−1, which is comparable to the 90 km
s−1 blueshift of the “Group 1” IS absorption lines. However,
their best-fit value of b is lower than that estimated from the
observed IS absorption line widths for those objects by a fac-
tor of ∼ 7.
In addition to the aforementioned discrepancies between
predicted Lyα line profiles from the expanding shell model
and observed double-peaked Lyα profiles, the deep spec-
troscopy of faint LAEs from Rauch et al. (2008) has allowed
for the study of spatial Lyα surface brightness (SB) profiles.
The Rauch et al. (2008) sample is comprised of several single-
peaked, asymmetric Lyα spectral line profiles as well as some
that are double-peaked. Barnes & Haehnelt (2010) have pre-
dicted the SB profiles using radiative transfer models with
various spatial and velocity configurations of the gas, includ-
ing expanding shells. They find that Lyα radiative transfer
through an expanding shell typically results in a flat spatial
SB profile, which is at odds with the peaky composite profile
of the faint LAEs in the Rauch et al. (2008) sample. While
the faint LAEs of Rauch et al. (2008) may be in a different
class of objects than the bright LAEs we observe, Rauch et
al. (2011) have performed a similar comparison to Barnes &
Haehnelt (2010) with the spatial Lyα SB profiles of single,
bright LBGs having both single and double-peaked spectral
line profile morphologies. In both cases, Rauch et al. (2011)
determine that the flat spatial SB profile resulting from an
expanding shell is inconsistent with the peaky Lyα SB pro-
files with extended wings that are observed. They conclude
that better representations of the observed Lyα SB profiles for
bright LAEs are found by modeling a point source of ionizing
radiation within an optically thick, slowly expanding halo of
neutral gas rather than a shell.
In this work, we have provided examples of LAEs
whose double-peaked Lyα spectral line profiles are not well-
reproduced by radiative transfer through homogeneous ex-
panding shells. The largest discrepancies are the flux ratio
Fred/Fblue and the velocity offset of the blue component. Ex-
trapolating from Figure 5, one can decrease Fred/Fblue and re-
duce the blue component velocity offset qualitatively in better
agreement with the observed Lyα line profiles of these objects
by decreasing the shell’s Vexp well below 50 km s−1, which is
the smallest value in our grid. For this near-static case, the to-
tal velocity separation between the two emission components
straddling the systemic Lyα line center are to first-order given
by twice the value calculated using Equation 5. From Equa-
tion 5, it can be seen that reproducing the observed ∆vtot for
essentially any value of b requires NHI ∼ 10−19 cm−2, which
is too low of a column density to simultaneously reproduce
the large FWHM of each peak and the extended red wings
in the observed Lyα data (see Figures 5 and 7). Addition-
ally, the Hα derived star formation rates (SFR; uncorrected
for dust; see Table 1) for these three galaxies are large for a
typical LAE. Combined with their small sizes (. 1.6 kpc; see
§5.5) and dynamical masses (see Rhoads et al. 2013), the re-
sulting SFR surface density ΣSFR of these galaxies indicates
that they should be driving strong outflows of > 50 km s−1
if Vexp is comparable to the escape velocity (Heckman 2002;
Newman et al. 2012). This strongly disfavors any quasi-static
shell model.
Finally, to this point, we have ignored the second blue emis-
sion peak in the spectrum of HPS256 and HPS251 and as-
sumed that these two galaxies represent typical double-peaked
LAE. If this assumption is invalid and the second blue peak
is Lyα emission from the same system, the expanding shell
geometry can most likely be immediately ruled out as the ge-
ometric and kinematic configuration of the neutral gas distri-
bution for these objects. Triple-peaked Lyα emission profiles
can be produced by the expanding or infalling14 shell geome-
try (cf., Figure 5), but not with the observed relative strengths
of the various components when considering their respective
locations relative to the velocity zero-point.
5.3. Other Models
The aforementioned discrepancies between the expanding
shell model and the observations should lead us towards con-
sidering different, or more complex gas geometries and veloc-
ity fields. These differences should include deviations away
from spherical symmetry, unity covering factors, and strictly
outflowing gas. Works such as Christensen et al. (2012)
14 The synthetic Lyα spectra produced by the shell geometry expanding at
Vexp are also valid for a shell infalling with the same velocity, in which the
Lyα profile is reversed about ∆v = 0 km s−1 relative to the expanding case
(Verhamme et al. 2006).
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and Noterdaeme et al. (2012) incorporate multi-phase media
in their gas geometries to closely reproduce multiple-peaked
Lyα line profiles. The former work is actually an expanding
shell (whose parameters are within the space covered by our
grid: NHI ≈ 1018 cm−2, b≈ 90 km s−1, Vexp≈ 50−100 km s−1)
that includes dense neutral clouds distributed within a more
ionized and less dense “intercloud medium” inside the shell’s
cavity. The latter work incorporates an overall inflowing ve-
locity field with starburst driven bipolar outflowing gaseous
“jets” to account for the strong blueward Lyα emission they
observe for a double-peaked line profile. A similar model was
adopted by Adams et al. (2009) to constrain the spatially re-
solved 2-D Lyα emission from a z = 3.4 radio galaxy, where
ionized cones aligned with the galaxy’s radio axis are embed-
ded in an infalling neutral halo.
Current state-of-the-art modeling efforts are post-
processing galaxy models drawn from hydrodynamic
and cosmological galaxy formation simulations with Lyα
radiative transfer codes (e.g., Zheng et al. 2010; Kollmeier
et al. 2010; Barnes et al. 2011; Verhamme et al. 2012;
Yajima et al. 2012). For example, Barnes et al. (2011)
find that a typical halo contains a mixture of inflowing and
outflowing gas and that the relative contribution of each
along the line of sight determines the relative strength of
the Lyα emission blueward (for inflow) and redward (for
outflow) of the velocity zero-point. As a result, the Lyα
line profile can vary as a function of viewing angle for the
same halo. Also, Verhamme et al. (2012) post-processed
high resolution hydrodynamical simulations that follow
the formation and evolution of isolated disk galaxies with
a Lyα radiative transfer code. Their simulations resolve
the small-scale structure of the ISM (including the thick,
fragmented clouds in which stars form and the Lyα photons
originate), which they find to be extremely important in
determining the galaxy’s Lyα properties. The clumpy disk
galaxy they model harbors an axially asymmetric, large-scale
outflowing velocity field that is mostly perpendicular to the
disk. The asymmetric outflow aids in the escape of Lyα
photons and results in galaxy inclination strongly affecting
the observed Lyα emission in terms of the escape fraction
and EWLyα, the Lyα SB distribution, and the shape of the
Lyα line profile. For edge-on orientations, they expect to
observe more symmetric double-peaked Lyα spectra as a
result of little-to-no outflow along the line of sight and the
higher optical depth to the star-forming regions through the
disk. For increasingly face-on orientations, increasing EWLyα
and asymmetry between the two emission peaks should
develop as the outflowing gas perpendicular to the disk gains
a larger velocity component along the line of sight. While
typical star-forming galaxies at z ∼ 2.4 are likely not disks
in the classical sense (e.g., Law et al. 2012a) and probably
do not have bipolar outflows (e.g., Law et al. 2012b), the
more realistic treatment of galactic systems by Verhamme
et al. (2012) has shown the importance of considering Lyα
radiative transfer on small-scales within the ISM. Expanding
shells modeling large-scale galactic outflows do not capture
such physics, which may be an additional cause for the
discrepancies we observe between the expanding shell model
predictions and the spectrally resolved Lyα line profiles of
the three LAEs.
5.4. Does ∆vLyα Indicate the Magnitude of Vexp?
Many studies have used the results of Lyα radiative transfer
through expanding shells to help explain the observed veloc-
ity offsets of the Lyα emission line from zsys for star-forming
galaxies and further to constrain the velocity of their large-
scale outflows (e.g., McLinden et al. 2011; Finkelstein et al.
2011; Yang et al. 2011; Hashimoto et al. 2012; Guaita et al.
2013; Song et al. 2013, in preparation). The analysis in §4.3
of the spectrally resolved, multiple-peaked Lyα emission of
the three LAEs we present shows that it is difficult to constrain
some of the physical parameters of each galaxy’s outflowing
gas. This is especially true since even the best-fitting expand-
ing shell radiative transfer models show major discrepancies
when compared to the resolved Lyα spectra. Given these dis-
crepancies, it is of note that NHI and b appear to be much
better constrained than Vexp. For each galaxy, the best-fitting
model has NHI = 1018 cm−2 and a high value of b as a result
of their strikingly similar values of ∆v0,red and FWHMred . In
addition, as can be seen in Figure 5, there is little change in
the position of the dominant redward Lyα peak over the range
50 < Vexp (km s−1) < 200 for an expanding shell model with
low neutral column density (i.e., NHI . 1020 cm−2; see §4.2).
Especially since this strong redward peak dominates the ob-
served Lyα line profile at low spectral resolution and/or S/N,
it appears that Vexp has the least influence on ∆vLyα of the
three physical parameters that we model for a galaxy with low
neutral gas column density.
Several of the aforementioned studies (McLinden et al.
2011; Finkelstein et al. 2011; Guaita et al. 2013; Song et al.
2013, in preparation) do in fact utilize a lower spectral resolu-
tion that is similar to the HPS when observing Lyα such that
objects with line profiles similar to those we present here are
unresolved (see Figure 3). In cases for objects with multiple-
peaked Lyα line profiles with ∆vtot less than the instrumen-
tal resolution, much of the information that is encoded in the
multiple-peaked profile is lost and the only measurable quan-
tity from the line profile becomes zLyα (or ∆vLyα when a
measure of zsys exists). We have also previously noted the
instrumental effect of observing an intrinsically asymmetric
emission line at low resolution in which the peak flux can can
be biased in the direction of the extended emission tail (see
§3.2.2). As a result of the loss of information, the measured
∆vLyα for an unresolved line becomes a convoluted function
of many parameters, including the line of sight velocity field,
column density, and the temperature of the neutral gas in ad-
dition to parameters that were not explored in our models,
such as dust content. Even when ignoring the possible ef-
fects of the IGM on the Lyα line profile (e.g., Dijkstra et al.
2006b; Laursen et al. 2011), the matter is further complicated
when considering Lyα radiative transfer through more realis-
tic models of the gas distribution and velocity fields for galax-
ies (see the previous subsection). These models, which do
not have spherically symmetric gas distributions, indicate that
viewing angle should also be an important parameter in de-
termining the degree of flux asymmetry between the multiple
peaks, which can affect the value of the measured ∆vLyα.
As a result of all of these factors, attempts to equate the ve-
locity offsets from systemic that are observed in Lyα spectra
to physical outflow speeds need to be treated with extreme
caution. We also stress the importance of observing Lyα
with high spectral resolution in order to extract the maximum
amount of information from the line profile. We do point out,
however, that while the magnitude of the inflow or outflow
speed is not yet clearly a measurable quantity from the Lyα
line profile even when spectrally resolved, the detection and
sign of a non-zero ∆vLyα does at least indicate presence of
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FIG. 8.— CANDELS HST images (Koekemoer et al. 2011) of the three LAEs, which show the stellar continuum morphologies of each galaxy. The top row
shows ACS/WFC F606W images (which probe the rest-frame UV at∼1800 Å) and the bottom row shows WFC3/IR F160W images (rest-frame optical at∼4700
Å). Each panel is 2.5′′×2.5′′ (21×21 kpc at z∼ 2.4) in size, and their positions are indicated in the wider field Subaru V band images shown in Figure 1 by the
thick black boxes.
an outflow (neglecting IGM absorption) or potentially inflow
(for blueshifted Lyα emission) along the line of sight.
5.5. Clues from Spatially Resolved Data
In Figure 8, we show CANDELS HST ACS/WFC F606W
and WFC3/IR F160W images of the three LAEs, which probe
the rest-frame UV (∼1800 Å; this wavelength traces recent
star formation through the continuum emission of young,
massive stars) and rest-frame optical (∼4700 Å), respectively.
As expected from near-UV HST morphological studies of
LAEs at similar redshift (e.g., Bond et al. 2012; Law et al.
2012b), the galaxies are compact with half-light radii15 re =
1.6, 1.1, and 0.7 kpc for HPS194, HPS256, and HPS251, re-
spectively, at ∼2400 Å (Leauthaud et al. 2007).
At the spatial resolution of the HST, two of the galaxies
(HPS194 and HPS251) are shown to have a companion con-
tinuum source at . 1′′ distance:
HPS194: This galaxy consists of a compact source to the
north-west with a possible tidal tail reaching towards the north
(this is visible as small clumps in the rest-frame UV image
and is a very pronounced continuous feature in the rest-frame
optical image). A more diffuse companion is located ∼ 0.6′′
to the south-west in projection (∼ 5 kpc if the sources are at
the same redshift). As seen in Figure 1, the NIRSPEC slit
used by Finkelstein et al. (2011) is aligned along the two
sources. However, we were unable to detect Hα emission
from the fainter source. As will be presented by Blanc et
al. 2013 (in preparation), we have also obtained deeper NIR
spectra of HPS194 with the FIRE instrument (Simcoe et al.
2013) at the 6.5 m Magellan Baade telescope. A preliminary
reduction of the data yields no detection of the diffuse com-
panion’s rest-frame optical emission lines. Although we can-
not confirm from the available data if the compact and more
diffuse sources lie at the same redshift, the disturbed, asym-
metric morphology and possible tidal feature emanating from
15 COSMOS ACS I-band Photometry Catalog, June 2008 Release
the north-west compact source is suggestive of an ongoing
merger.
HPS251: This galaxy has a fainter, compact companion lo-
cated ∼ 1.0′′ (∼ 8 kpc) to the south-south-west in projection.
Like HPS194, the NIRSPEC slit used by Song et al. (2013, in
preparation) is aligned along the two sources. Unfortunately,
two of the positions of the ABBA dither pattern positioned the
dimmer source on the bottom edge of the slit, yielding in-
sufficient S/N in the final 2-D spectrum at the position of
the companion. However, recent follow-up observations us-
ing FIRE have confirmed detections of [O III] λ4959 and [O
III] λ5007 for both sources at the same redshift (these results
will be presented by Blanc et al. 2013, in preparation). At the
projected distance of∼ 8 kpc, the two components of HPS251
are clearly interacting and will eventually merge.
While HPS256 does not have a companion within 1′′, it
does have several nearby continuum sources within ∼ 4′′ to
the south-east in projection (∼ 33 kpc if the sources are at
the same redshift; see Figure 1). However, these sources are
outside of the Mitchell Spectrograph’s fiber and the NIRSPEC
slit used by Finkelstein et al. (2011) was not aligned to include
them.
Cooke et al. (2010) explored the Lyα properties of close
LBG pairs and found that all showed Lyα in emission when
the projected separation was . 15 kpc. Their work sup-
ports the picture of galaxy-galaxy interactions triggering star-
formation and clearing gas and dust sufficiently for the Lyα
photons produced in the starburst to escape the galaxies with
high EWLyα. Cooke et al. (2010) also find that while the 1-
D spectra of the close LBG pairs are often double-peaked,
they are resolved spatially into two distinct offset Lyα lines
and corresponding continua in 2-D spectra. For HPS194
and HPS251, this may be an alternative explanation for the
multiple-peaked Lyα emission and why the expanding shell
models poorly represent the data. However, our fiber-based
Lyα spectra are spatially unresolved on the sky, so we cannot
investigate potential spatial offsets of the spectrally resolved
Lyα emission components for these galaxies with the current
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data. As seen in Figure 1, the potential companion sources for
HPS256 and the confirmed companion to HPS251 are located
outside of the Mitchell Spectrograph’s fiber, even when con-
sidering the RMS pointing uncertainty. Yet, we still observe
the multiple-peaked Lyα line profile morphology. This makes
it more likely that the multiple-peaked and asymmetric nature
of the Lyα line for these galaxies is a consequence of radiative
transfer effects in a non-static medium rather than being the
result of the integrated Lyα emission from multiple sources at
similar redshift.
Since all three galaxies have at least one nearby continuum
source within a projected distance of . 33 kpc and one of our
galaxies has a confirmed companion within ∼ 8 kpc, a pos-
sible link between galaxy-galaxy interactions and luminous
Lyα emission should not be ignored. This has recently been
explored in the context of LABs by Yajima et al. (2012) who
post-process hydrodynamical simulations of gas-rich binary
major mergers with a 3-D radiative transfer code. These au-
thors find that such mergers produce copious Lyα emission
(with Lyα luminosity LLyα ∼ 1043−44 erg s−1) that is extended
over 20-50 kpc at z ∼ 3 as a result of shocked gas and the
starburst induced by the gravitational interaction. These prop-
erties are similar to typical z ∼ 3 LABs (e.g., Matsuda et al.
2006). Due to the observational and selection methods uti-
lized in the HPS (Adams et al. 2011), the LLyα observed for
our three LAEs (∼ 1043 erg s−1; see Table 1) is of the same or-
der as that predicted by the Yajima et al. (2012) simulations.
Additionally, the total velocity widths of the Lyα emission for
HPS194, HPS256, and HPS251 are 667, 612, and 884 km s−1,
respectively (Adams et al. 2011), which are each comparable
to the median value of 780 km s−1 for the LABs of Matsuda et
al. (2006). However, since the Lyα spectra we present in this
work supply no spatial information, we cannot currently as-
sess the extended nature of the three LAEs individually. The
HPS data is also of limited use in this regard due to the coarse
spatial resolution and limited depth of the survey (an upper
limit of 7.5′′ FWHM, which corresponds to the spatial reso-
lution limit of the HPS, can be placed on each LAE’s size;
Adams et al. 2011). Future deep, spatially resolved Lyα spec-
tra will be useful in determining if our LAEs are significantly
extended, which would provide further evidence for the in-
teraction scenario based on the simulations by Yajima et al.
(2012).
Recently, Rhoads et al. (2013) used measurements of the
SFR of bright LAEs (HPS194 and HPS256 were among the
galaxies in their sample) along with measurements of their
dynamical mass (which were assumed to be the upper limit of
their gas mass) and sizes to compare such galaxies to exist-
ing star formation scaling relations. Daddi et al. (2010) estab-
lished that there are two distinct sequences of star formation in
the Kennicutt-Schmidt ΣSFR vs. gas mass density Σgas plane:
a temporally extended sequence for "normal" star-forming
disk galaxies, and a more rapid sequence for starburst galax-
ies that was determined from measurements of sub-millimeter
and ultraluminous infrared galaxies (SMGs and ULIRGs, re-
spectively). The latter scaling relation is offset above the for-
mer by 1.1 dex in the ΣSFR vs. Σgas plane. This bimodality
between the star formation sequences of starburst and normal
star-forming galaxies is largely due to the use of a bimodal
conversion factor αCO = Mgas/LCO used to convert the ob-
served carbon monoxide line luminosity LCO to gas mass Mgas
(αCO = 4.6 for normal star-forming galaxies and 0.8 for star-
burst galaxies). The measurements by Rhoads et al. (2013)
suggest that LAEs lie above the scaling relation for normal
star-forming galaxies and are consistent with the Daddi et al.
(2010) starburst sequence at the > 3σ level. Thus, LAEs ap-
pear to form stars more rapidly than a typical star-forming
galaxy at a givenΣgas. Note that the bimodality of αCO has re-
cently been challenged by the simulations of Narayanan et al.
(2012). These authors show that while αCO is systematically
different for varying local galaxy conditions (e.g., metallicity
and surface density), it varies smoothly among them. The re-
sult is a continuous, unimodal star formation scaling relation
where the highestΣSFR disk galaxies overlap with the inferred
mergers (i.e., starburst galaxies). The measurements for LAEs
by Rhoads et al. (2013) show that LAEs occupy a region in
the ΣSFR vs. Σgas plane bounded by 0 . logΣSFR . 1.3 and
2 . logΣgas . 3.2. Data points within this bounded area are
consistent with the scatter in the continuous star formation
scaling relation of Narayanan et al. (2012) and lie in a region
of elevated SFR density occupied by both high-z disk galaxies
and inferred mergers (i.e., low-z ULIRGs and high-z SMGs).
Thus, the star formation observed for luminous LAEs is con-
sistent with (but not necessarily suggestive of) that expected
from an interacting or merging system.
In this scenario, interactions could be responsible for dis-
persing gas and dust and allowing Lyα photons to escape
through low column density (i.e., low optical depth) “win-
dows” in the overall neutral gas distribution. Combined with
a low dust optical depth, the gravitationally induced burst of
star formation could result in the large EWLyα we observe in
addition to driving a strong large-scale outflow. Lyα radiative
transfer through the dispersed (i.e., lower NHI) outflowing gas
could give rise to the asymmetric, multiple-peaked Lyα line
profiles with small Lyα velocity offsets, as compared to the
Lyα spectra of LBGs that typically have large velocity off-
sets and smaller EWLyα. Interaction-induced inflows of gas
(resulting in star formation or shocks) along the line of sight
could also help to enhance the Lyα flux blueward of the line
center. Additionally, multiple blueward Lyα peaks (such as
that observed for HPS256 and HPS251) could also be pro-
duced from shocked and/or fluorescing gas that is infalling
along different sight lines. The large blueshift (∼ 1000 km
s−1) of these Lyα peaks, however, likely indicates that such
emitting material is not yet bound, unless radiative transfer
effects couple favorably with the dynamics of the system to
produce such large velocity offsets relative to the systemic
velocity of the LAE’s H II regions. To verify an interaction-
based scenario for luminous LAEs, a larger sample of galax-
ies with confirmed redshifts for nearby companion continuum
sources and spatially resolved Lyα spectra are needed.
The irregular nature of these galaxies’ continuum mor-
phologies and the confirmed and potential interactions with
nearby companions may suggest that significant deviations
away from Lyα point sources and spherical gas distributions
and velocity fields are necessary for properly modeling Lyα
radiative transfer through neutral gas on the galactic and cir-
cumgalactic scale. This conjecture is especially intriguing
given that the two galaxies that are most poorly represented
by the spherical expanding shell model Lyα spectra (i.e.,
HPS194 and HPS251) are the same two galaxies with the
strongest evidence of an interaction.
6. SUMMARY & CONCLUSION
In this paper, we have obtained follow-up optical spectra of
three LAEs drawn from the HETDEX Pilot Survey (Adams et
al. 2011) with sufficient spectral resolution to resolve the Lyα
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emission line. With no preselection other than FLyα > 10−16
erg s−1 cm−2 (which corresponds to LLyα & 1043 erg s−1 at
z∼ 2.4), we find that all three galaxies at 120 km s−1 FWHM
spectral resolution display multiple Lyα emission peaks. Us-
ing the NIR spectra of these galaxies’ rest-frame optical emis-
sion lines from Finkelstein et al. (2011) and Song et al. (2013,
in preparation), we have determined the velocity structure of
the Lyα emission relative to the systemic redshift of each
galaxy. Our main results are as follows:
1) The prominent double-peaks of the Lyα emission line
for each LAE straddles and is asymmetric about the veloc-
ity zero-point. The strongest emission peak is redshifted by
176 km s−1 on average relative to the systemic velocity and its
velocity offset and basic shape are strikingly similar among
the three galaxies in our sample. We observe larger varia-
tions from galaxy to galaxy in the emission blueward of the
systemic velocity, including two of the three galaxies that dis-
play two separate weak blueshifted emission peaks. The most
blueshifted of these weak peaks for these two galaxies is off-
set from the systemic redshift by ∼ 1000 km s−1. However,
the velocity offset of the redward peak and the peak-to-peak
velocity separation between the two most prominent peaks
that straddle the velocity zero-point are∼ 2× smaller for each
LAE than the same measurements made on average for Lyα
emitting LBGs with similar Lyα line profile morphologies.
This is true even when taking into account the spectral reso-
lution differences for each sample.
2) We have compared our Lyα spectra with the predicted
line profiles of a grid of Lyα radiative transfer models in the
popular and relatively idealized spherical expanding shell ge-
ometry to model large-scale galactic outflows. In contrast
to the findings of works such as Verhamme et al. (2008) for
single-peaked asymmetric Lyα line profiles, we observe sev-
eral key discrepancies between the best-fitting models and the
data. Visually, the redshifted Lyα emission component is ac-
ceptably reproduced by models with low column density of
neutral gas (NHI = 1018 cm−2). However, the blueshifted emis-
sion component ubiquitously has too little flux as compared
to the data and has an incorrect velocity offset relative to the
systemic velocity for two of the three galaxies (HPS194 and
HPS251). Additionally, Lyα radiative transfer through an ex-
panding shell cannot produce the highly blueshifted emission
peak that is observed for HPS256 and HPS251.
3) Based on the above analysis, we caution against equating
an observed velocity offset of Lyα directly with an outflow or
inflow velocity, especially at low spectral resolutions where
the Lyα line profile is unresolved and the intrinsic asymmetry
of the emission line can bias the velocity offset measurement.
The measured velocity offset, especially for unresolved Lyα
spectra, is a complex function of many parameters describ-
ing the neutral gas, especially the column density NHI due
to its large dynamic range and ability to significantly change
the width and asymmetry of the emission components. Addi-
tionally, the Lyα line profile shape and the resulting velocity
offset can also be highly dependent on the viewing angle for
more realistic, non-spherical gas geometries.
4) For luminous LAEs with LLyα & 1043 erg s−1, like those
in the HPS LAE sample, galaxy-galaxy interactions may play
a significant role in producing and aiding the escape of copi-
ous Lyα photons and in shaping the emergent line profile by
inducing star formation and clearing gas and dust. Such grav-
itational interactions may cause deviations away from spher-
ical neutral gas geometries and velocity fields, such as those
modeled in our expanding shell radiative transfer simulations.
The effects of a non-spherical outflow in addition to simulta-
neous inflow of neutral gas, as well as smaller-scale Lyα ra-
diative transfer effects within the ISM that are not captured in
the expanding shell model could all contribute to the discrep-
ancies we observe between the Lyα spectra of these galaxies
and the predictions of the models.
In forthcoming work, we will extend this study to obtain
spectrally resolved Lyα line profiles of a larger sample of
∼ 30 high EWLyα LAEs using multi-object techniques. Of
particular importance in the forthcoming work will be the
ability to obtain at least one dimension of spatial information.
The combination of a larger sample and >1-D spectra will
allow us to not only investigate the frequencies of various
Lyα line profile morphologies among this unique sample, but
also investigate the spatial distribution and possible extended
nature of the Lyα emission. The latter may provide important
constraints on the emission and escape mechanisms of Lyα
photons from these systems.
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